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UNITS OF MEASUREMENT2

µPa microPascal(s)3
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dB re 1 µPa decibel referenced to one microPascal8
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m meter(s)13
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CDFW California Department of Fish and Wildlife
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cSEL cumulative sound exposure level
CSLC California State Lands Commission
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dBA or dB(A) A weighting decibel scale

DPS distinct population segment
E E endangered

EEZ Exclusive Economic Zone

EIS Environmental impact statement
F FESA Federal Endangered Species Act

FP fully protected
G GIS geographic information system
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HF high-frequency; M-weighting; also shown as Mhf

hr hour(s)
Hz Hertz

I IMAPS Integrated Marine Mammal Monitoring and Protection System
in. inch(es)

K kHz kilohertz
L LF low-frequency; M-weighting; also shown as Mlf

M m meter(s)
MF mid-frequency; M-weighting; also shown as Mmf

min minute(s)
MMPA Marine Mammal Protection Act

N ND not depleted

NMFS National Marine Fisheries Service
NOAA National Oceanic and Atmospheric Administration
NS Not strategic (stock)

NSF National Science Foundation

O OEIS Overseas environmental impact statement

O

OCS

Offshore

Outer Continental Shelf

OPR Office of Protected Resources
oz Ounce(s)

P P protected

PAS Periodic-acid Schiff

p-p peak-to-peak
PTS permanent threshold shift
PW pinnipeds (in water); M-weighting; also shown as Mpw

R rms root mean squared
S S strategic stock

SEL sound exposure level

SPL sound pressure level

ST State threatened
SURTASS LFA Surveillance Towed Array Sensor System, Low-Frequency Active

T T threatened

TTS temporary threshold shift
U USGS U.S. Geological Survey
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1.0 OVERVIEW1

The purpose of this review is to provide the California State Lands Commission (CSLC)2

with current information regarding hearing and noise impacts on marine resources, with3

an emphasis on the low energy geophysical seismic sources being used under permit4

within State waters. Specifically, the objectives of this summary are to:5

 Synthesize pertinent research regarding the susceptibility of marine resources6

(i.e., marine mammals, sea turtles, fishes, invertebrates) to anthropogenic noise,7

with focus on low energy sound sources;8

 Document what information is most applicable to California’s species of concern9

and the types of surveys generally conducted off the California coast; and10

 Identify other agencies’ existing or proposed thresholds and bounds for energy,11

frequency, and pressure of surveying equipment.12

While most of the noise-related research outlined in the following summary addresses13

effects to marine mammals, other marine fauna may be affected by sound exposure,14

including sea turtles, fishes, and, to a limited extent, invertebrates. Sound in water is15

composed of two physically linked components, propagating scalar pressure waves and16

directional particle motion, each of which differ in the pathways through which they17

reach marine fauna. Many fish and invertebrates are sensitive to particle motion (both18

otoliths in fishes and statocysts in invertebrates act as accelerometers). As appropriate,19

the results of particle motion studies are summarized in the following analysis.20
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2.0 NATURAL AND ANTHROPOGENIC NOISE IN THE MARINE ENVIRONMENT1

2.1 Overview2

Sound is generated when an object vibrates and causes minute periodic fluctuations in3

atmospheric pressure, (i.e., sonic waves). Perception of sound is dependent on various4

factors, including the following:5

 Frequency. Frequency is the number of pressure variations (vibrations) per6

second (Hertz [Hz]). Humans can typically hear sound waves with frequencies7

between 20 Hz and 20 kilohertz (kHz); the human ear does not perceive sound at8

the low- and high-frequencies as well as it does at the middle frequencies.9

o Tone vs. Pulse: A tone is a sound of a constant frequency that continues for a10

substantial time, whereas a pulse is a sound of short duration, and it may11

include a broad range of frequencies.12

 Frequency Range. Because the range of frequencies of a sound source may13

vary, the sound’s frequency bandwidth should be specified and included in the14

reference units. The units for a power spectrum are decibels (dB) referenced to15

(re) 1 square micropascal (μPa2)/Hz.16

 Magnitude. Sound magnitude, or degree of loudness, is measured on the decibel17

(dB) scale, which is a logarithmic scale of sound wave amplitude (i.e., the18

“height” of a sound wave; see Figure H-1 below). A logarithmic scale is used19

because equal increments of dB values do not have an equal increase in effect.20

Any quantity expressed in this scale is termed a ‘level’. These quantities are21

absolute values, however, and are not tied to how sound energy interacts with22

hearing organisms; therefore, sound is more commonly expressed as a sound23

pressure level (SPL),1 which is a ratio of the dB level to a standard reference24

sound level related to sound levels at which humans can perceive noise. By25

convention, the reference quantity is smaller than the smallest value to be26

expressed on the scale, so that any level quoted is a positive value. For example:27

o A reference sound pressure of 20 microPascal (µPa) (expressed as28

“dB re 20 µPa”) is used for sound in air, because this is the threshold of29

human hearing in air; and30

o For underwater sound, 1 µPa is used as the reference sound pressure31

(expressed as “dB re 1 µPa”).232

1 Recalling that sound moves as a wave, the higher the amplitude of the wave, the more pressure it

exerts on the atmosphere or on a surface, such as an ear drum.
2 A Pascal (Pa) is equal to the pressure exerted by one Newton over one square meter; 1 µPa equals

one millionth of a Pascal.
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Figure H-1. Diagram of Sound Wave Characteristics

1

2

Because sound energy is not constant, but occurs in waves, with positive peaks and3

negative dips, acousticians calculate the effective, average sound level by squaring the4

amplitudes of the wave to make all values positive, averaging those values over a5

period of time, and then taking the square root of that average. Sound pressures6

averaged in this way are measured in units of root mean square (rms) SPL. Sound7

pressure may also be expressed as peak-to-peak or zero-to-peak. Peak-to-peak (p-p) is8

the pressure difference between the maximum positive pressure and the maximum9

negative pressure in a sound wave. Zero-to-peak (0-p) is the pressure difference10

between zero and the maximum positive (or maximum negative) pressure in a sound11

wave.12

Ambient underwater noise levels in the ocean can be complex, and vary spatially13

(i.e., from location to location; deep- versus shallow-water) and temporally (e.g., day to14

day, within a day, and/or from season to season). Both natural and anthropogenic15

(human-made) sources provide significant contributions to ambient noise levels in the16

ocean.17

Sound in the marine environment may originate from several sources including18

environmental events (e.g., waves, rain, earthquakes), biological sources19

(e.g., vocalizations by marine mammals, fishes, and several invertebrates), and20

anthropogenic activities (e.g., vessel noise, oil and gas operations including drilling,21

seismic surveying, military operations; Hildebrand 2009). Detailed measurements of22

marine sound levels have been made for many of these sources, but their degree of23

overlap with and impacts on acoustically-oriented marine life remains generally poorly24

understood (Southall 2012).25

Natural noise sources include wind, waves, rain, and biologics (e.g., whales, dolphins,26

fish). Naturally occurring noise levels in the ocean from wind and wave activity may27

range from 90 dB re 1 μPa under very calm, low wind conditions to 110 dB re 1 μPa 28
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under windy conditions. Wind is the major contributor to noise between 100 Hz and1

30 kHz, while wave generated noise is a significant contribution in the infrasonic range2

(1 to 20 Hz). Surf noise, however, is specific to coastal locations (Simmonds et al.3

2003).4

Sound characteristics of anthropogenic noise sources, including shipping, industry (e.g.,5

oil and gas drilling), and equipment, can be found in Table H-1.6

Table H-1. Sound Characteristics of Major Ocean Sound Producers7

(From: MMC 2007; Hildebrand 2005)8

Sound Source
Primary

Frequency

Range

Sound Pressure
Levels

Distribution
Total

Energy

Commercial
Shipping

5–100 Hz 150–195 dB re 1 µPa2/Hz at 1 m
Great circle routes,
coastal and port areas

3.7 x 1012

Seismic Airgun
Arrays

5–300 Hz up to 259 dB dB re 1 μPa 

Variable, with
emphasis on
continental shelf and
deep-water areas
potentially containing
oil and/or gas

3.9 x 1013

Naval Sonars

100–500 Hz
(SURTASS

LFA)
235 dB re 1 μPa 

Variable below 70º
latitude

2.6 x 1013

2–10 kHz
(Mid-frequency

sonar)
235 dB re 1 μPa 

Variable with emphasis
in coastal areas

Fisheries Sonars 10–200 kHz 150–210 dB re 1 μPa 
Variable, primarily
coastal and over the
continental shelf

Unknown

Research Sonars 3–100 kHz up to 235 dB dB re 1 μPa Variable Unknown 

Acoustic Deterrents,
Harassment Devices 5–16 kHz 130–195 dB re 1 μPa Coastal Unknown 

Acronyms: SURTASS = Surveillance Towed Array Sensor System; LFA = Low-Frequency Active.9

Increases in ambient underwater noise levels are a result of increased maritime10

activities including commercial shipping, seismic surveys associated with oil and gas11

exploration and academic research, military and commercial sonar use, maritime12

recreation, fishing activities, and coastal development. In many ocean areas, the13

dominant source of anthropogenic, low-frequency noise (i.e., 20 to 200 Hz) is from the14

propellers and engines of commercial shipping vessels (Rolland et al. 2012; McKenna15

et al. 2012), which can contribute to ambient underwater noise levels across large16

spatial scales (Curtis et al. 1999; Andrew et al. 2002; McDonald et al. 2006, 2008;17

Chapman and Price 2011).18
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Different noise sources are dominant in each of three frequency bands:1

 Low: 10 to 500 Hz;2

 Mid: 500 Hz to 25 kHz; and3

 High: >25 kHz.4

The low-frequency band is dominated by anthropogenic sources: primarily, commercial5

shipping and, secondarily, seismic exploration. Shipping and seismic sources contribute6

to ambient noise across ocean basins, since low-frequency sound experiences little7

attenuation (loss in sound energy level that occurs as sound travels away from its8

source), allowing for long range propagation. Over the past few decades, the9

contribution of shipping noise to ambient noise levels has increased, coincident with a10

significant increase in the number and size of vessels comprising the world’s11

commercial shipping fleet (Hildebrand 2009).12

The mid-frequency band is comprised of natural (e.g., sea surface agitation) and13

anthropogenic (e.g., military and mapping sonars, small vessels) noise sources that14

cannot propagate over long ranges, owing to greater attenuation, with only local or15

regional sources contributing to the ambient noise field (Hildebrand 2009).16

The high-frequency band is dominated by thermal noise, with anthropogenic noise17

sources such as sonars (for shallow-water echosounding and locating small objects,18

such as fish), contributing to the ambient noise field. At high-frequencies, acoustic19

attenuation becomes extreme so that all noise sources are confined to an area within a20

few kilometers of the source (Hildebrand 2009).21

For most marine vertebrates, the production and reception of sound serve one or more22

critical functions, including communication (e.g., with conspecifics), foraging23

(i.e., identification and location of prey), orientation and navigation, and24

predator-avoidance (e.g., Schusterman 1981; Watkins and Wartzok 1985; Richardson25

et al. 1995; Tyack 1998; Wartzok and Ketten 1999; National Research Council [NRC]26

2003; 2005; Clark and Ellison 2004; Southall et al. 2007).27

The relative importance of sound production and reception among marine animals28

becomes a greater concern depending upon several factors, including the degree of29

overlap with anthropogenic sources of noise. As shown in Figure H-2, the frequency30

ranges for many groups of marine organisms overlap with the frequencies of many31

anthropogenic noise sources. At low-frequencies, commercial shipping and seismic32

surveys are the dominant sources of anthropogenic noise. At mid- and high-33

frequencies, naval, commercial, fishery, and recreational sonars are dominant (Marine34

Mammal Commission 2007).35
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Figure H-2. Measured or Estimated Functional Hearing Ranges for Different

Marine Vertebrate Groups Relative to Various Anthropogenic Noise Sources

1

2

Studies conducted to assess the reactions of marine fauna to noise have shown widely3

varied responses depending on the individual, age, gender, and the activity in which the4

animals were engaged (Simmonds et al. 2003). An animal must be able to perceive a5

sound in order for an impact to occur. However, direct measurements of sound6

reception across all marine organisms is not feasible; in lieu of direct measurements,7

marine biologists and acousticians have estimated that animal hearing is most acute8

within those frequency ranges where their vocalizations occur. Most marine taxa have9

measured or estimated functional hearing capabilities across similar frequencies to10

those where their vocalizations occur, although perception may be slightly broader than11

the frequency range of vocalizations (Luther and Wiley 2009) (Figure H-1).12

2.2 Sound Type Categories13

Southall et al. (2007), in their analysis of marine mammal noise exposure criteria,14

categorized anthropogenic sound sources into functional categories based on their15

acoustic and repetitive properties (Table H-2). For the purposes of this analysis, these16

three different sound type categories (single, multiple and non-pulse) are considered to17

be applicable to all marine fauna potentially affected by low energy sound sources18
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within the area of interest (i.e., State waters), although it is expected that single and1

multiple pulse sources are predominant.2

Table H-2. Sound Source Categories, Acoustic Characteristics, and Examples3

(From: Southall et al. 2007)4

Sound Type
Acoustic Characteristics

(at source)
Examples

Single Pulse
Single acoustic event; >3 dB difference
between received level using impulse versus

equivalent continuous time constant

Single explosion; sonic boom; single airgun,
watergun, pile strike, or sparker pulse; single ping

of certain sonars, depth sounders, and pingers

Multiple Pulse

Multiple discrete acoustic events within 24 hr;
>3 dB difference between received level using

impulse versus equivalent continuous time
constant

Serial explosions; sequential airgun, watergun, pile
strikes, or sparker pulses; certain active sonar

(IMAPS); some depth sounder signals

Non-pulse

Single or multiple discrete acoustic events
within 24 hr; <3 dB difference between
received level using impulse versus equivalent
continuous time constant

Vessel/aircraft passes, drilling; many construction

or other industrial operations; certain sonar
systems (LFA; tactical mid-frequency); acoustic
harassment/deterrent devises; acoustic
tomography sources (ATOC); some depth sounder
signals

Acronyms and Abbreviations: dB = decibel; hr = hour; ATOC = Acoustic Thermometry of Ocean Climate;5
IMAPS = Integrated Marine Mammal Monitoring and Protection System; LFA = Low-Frequency Active.6
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3.0 MARINE MAMMALS1

Based on a recent review of the effects of anthropogenic noise on marine mammals2

prepared by Southall (2012), there has been significant progress in the last decade3

regarding the characterization of noise sources and impacts of noise upon marine4

mammals, particularly in regards to determining hearing impacts and behavioral5

responses to various types of noise. Research to date has focused on several aspects6

of noise impacts, including potential injury (e.g., hearing and tissue damage), behavioral7

responses (e.g., mass strandings of marine mammals exposed to military sonar), and8

the mechanisms by which biologically significant behaviors can be determined.9

Most research indicates that the impact footprint (sensu Southall 2012) that produces10

direct harm (e.g., physical injury) to a marine mammal is relatively small, while the total11

area within which a marine mammal may be disturbed can be quite large. The extent of12

the area ensonified and the degree of behavioral modification realized by marine13

mammals exposed to a particular sound are tempered, to a certain degree, by the14

nature of the sound (e.g., source level, frequency composition) and the receptor15

(e.g., hearing sensitivity of the marine mammals exposed).16

3.1 Effects of Noise Exposure17

Potential effects of noise exposure to marine mammals represents a continuum and18

includes, in order of increasing severity: (1) behavioral response; (2) masking;19

(3) hearing threshold shift; (4) physiological effects; and (5) mortality. Definitions of20

these effect levels include:21

 Behavioral Response – a wide range of behavioral responses to noise exposure22

is possible. Southall (2012) identifies at least seven levels of response, including23

(in increasing severity and decreasing likelihood): no observable response,24

increased alertness, minor behavioral responses (e.g., vocal modifications25

associated with masking), cessation of feeding or social interaction, temporary26

avoidance behavior, modification of group structure or activity state, and habitat27

abandonment. The context in which the noise exposure occurs is a critical factor28

in determining auditory impacts (Wartzok et al. 2004; Southall et al. 2007). Key29

references include Ljungblad et al. (1988); Richardson et al. (1995); McCauley30

et al. (1998; 2003); Ridgway and Carder (2001); Miller et al. (2005); NRC (2005);31

Southall et al. (2007); Wirsing et al. (2008); Bejder et al. (2009); Barber et al.32

(2010). General observations regarding behavioral response include: (1) many of33

the responses observed across taxa were temporary avoidance behavior; (2)34

certain species (e.g., harbor porpoises, beaked whales) appear to be35

categorically more sensitive to noise than other species observed; and (3) certain36

behavioral states (e.g., migrating) can make species such as bowhead whales37

more sensitive to noise exposure (Richardson et al. 1999). Recent results are38

available from both controlled exposure experiments and opportunistic39

observations of anthropogenic noise source operations on the behavioral40
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responses of particularly sensitive marine mammals, including harbor porpoises1

(Kastelein et al. 2008a,b; Gilles et al. 2009) and beaked whales (Caretta et al.2

2008; McCarthy et al. 2011; Southall et al. 2011; Tyack et al. 2011).3

 Auditory Masking – results from the spectral, temporal, and/or spatial overlap4

between a noise source and an organism, whether a sender or receiver, and5

causes a reduction in the ability of the organism to effectively communicate,6

detect predator, prey, and/or conspecific signals, and/or properly determine its7

spatial orientation. Masking has received only limited scientific study; see Clark8

et al. (2009) for a review. Clark et al. (2009) provided a quantitative means of9

determining the relative loss of acoustic communication range for marine10

mammals using specific calls in conditions where the mammals are exposed to11

specific anthropogenic noise sources (i.e., continuous, but moving, vessel noise).12

A recent summary by Reichmuth (2011) addresses psychophysical studies of13

masking in marine mammals; key references include work done with odontocetes14

(Branstetter and Finneran 2008; Branstetter et al. 2011; Erbe 2000; Erbe and15

Farmer 1998; Kastelein and Wensween 2008; Kastelein et al. 2009; Lemonds16

2009) and pinnipeds (Holt and Schusterman 2007; Southall et al. 2000, 2003;17

Turnbull 1994).18

 Hearing Threshold Shift – noise-induced increases in hearing thresholds within19

a specific frequency range; threshold shifts can be temporary (temporary20

threshold shift [TTS]) or permanent (permanent threshold shift [PTS]). Sound21

impulse duration, peak amplitude, rise time, number of pulses, and inter-pulse22

interval are the main factors thought to determine the onset and extent of PTS23

(NMFS 2012). Both TTS and PTS can result from either physical damage24

(e.g., cell structure fatigue) or metabolic change (e.g., inner ear hair cell25

metabolism). Key references include Kryter (1994), Ward (1997), Kastak et al.26

(1999), Yost (2000), Schlundt et al. (2000); Finneran et al. (2002, 2005,27

2010a,b); Lucke et al. (2009); Mooney et al. (2009a,b); Finneran and Schlundt28

(2010); Gedamke et al. (2011). Per Southall (2012), intense sound exposure29

more often results in mechanical processes, whereas prolonged exposure more30

typically results in metabolic changes (e.g., Saunders et al. 1985). Two important31

factors were noted by Southall (2012) regarding threshold shift: (1) the exposure32

level relative to the subject’s absolute hearing sensitivity (i.e., the sensation level)33

is particularly important in determining TTS onset; and (2) exposure levels in the34

region of best hearing sensitivity should be used as generic TTS-onset values35

against which frequency weighting functions could be applied to correct for36

frequency-specific hearing.37

 Physiological Effects – results from damaging but non-lethal exposure to high38

levels of sound or shock waves, with similar short duration, high peak pressure39

sources; may include stress responses and direct physical injury (e.g., tissue40

damage). See Busch and Hayward (2009) and Wright et al. (2007a,b) for recent41
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reviews. Direct measurements of physical stress responses in marine mammals1

from sound exposure are relatively limited; key data sources include Thomas2

et al. (1990), Miksis et al. (2001), and Romano et al. (2004).3

 Mortality – results from direct physical injury as a consequence of exposure to4

high levels of sound or shock waves (e.g., from high intensity events,5

explosions), characterized by short duration, high peak pressures that damage6

air-filled body cavities (e.g., lungs) and other internal organs (e.g., see Yelverton7

et al. 1973; Goertner 1982; Young 1991); key data sources include Todd et al.8

(1996) and Cudahy and Ellison (2002). More recently, another form of9

physiological damage among marine mammals has been investigated – the10

formation of gas bubble lesions and fat emboli. This damage has been noted in11

several beaked whale species that have stranded in the vicinity of naval12

mid-frequency sonar training exercises (Jepson et al. 2003; Fernández et al.13

2005; Tyack et al. 2011). Currently, these tissue impacts are thought to result14

from a behavioral response that changes diving patterns in some way and15

subsequently causes lesion/emboli formation, rather than as a direct physical16

effect of sound exposure (Cox et al. 2006; Zimmer and Tyack 2007).17

Impact analysis of marine mammal exposure to sound has typically utilized SPL, or18

more recently, sound exposure level (SEL) as a metric for determining the significance19

of an impact. Recent environmental impact statements have focused on SPLs coupled20

with the cumulative effects of sound exposure over time (e.g., over a 24-hour period).21

Several comprehensive reviews and syntheses have been published in recent years,22

including the treatise on sound exposure criteria (Southall et al. 2007) and the23

compendium on the effects of sound on marine life (Popper and Hawkins 2011), as well24

as an overview of the response of cetaceans to anthropogenic noise (Nowacek et al.25

2007). Marine mammal hearing covers a very wide band, with baleen whales26

(mysticetes) likely hearing down into very low-frequencies, pinnipeds at low- to27

intermediate frequencies, and toothed whales (odontocetes) hearing over a very broad28

range extending well into the ultrasonic range. The following summaries are based on29

recent reviews and summaries of marine mammal hearing capabilities.30

3.2 Mysticete Hearing31

Direct measurements of mysticete hearing are unavailable due to the logistic constraints32

associated with experimenting with these large marine mammals. Consequently,33

hearing in mysticetes is estimated based on other forms of analysis, including34

vocalizations (Wartzok and Ketten 1999), anatomy (Houser et al. 2001; Parks et al.35

2007), long range orientation (Payne and Webb 1971), behavioral responses to sound36

(Frankel 2005; Reichmuth 2007), and nominal natural background noise conditions in37

the likely frequency ranges of hearing (Clark and Ellison 2004).38

Results suggest that mysticetes are most sensitive to low-frequency sounds ranging39

from tens of hertz to approximately 10 kHz. Southall et al. (2007) estimated the lower40
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and upper frequencies for functional hearing in mysticetes, collectively, to be 7 Hz and1

22 kHz; more recently, Southall (2012) suggests that this may be a slight underestimate2

of the high-frequency cutoff. For example, recent acoustic data suggest that humpback3

whales (Megaptera novaeangliae) produce sounds with harmonics extending above4

24 kHz (Au et al. 2006), and anatomical data suggest that some mysticetes may hear5

frequencies up to 30 kHz (Ketten et al. 2007).6

3.3 Odontocete Hearing7

Odontocetes are thought to hear over a broad frequency range, due to the presence of8

high-frequency biosonar and lower frequency communication systems. Southall (2012)9

notes that the frequency range of some odontocetes span 12 octaves.10

Wartzok and Ketten (1999) and Southall et al. (2007) reviewed the available literature11

on hearing in odontocetes and identified two functional hearing groups – mid-frequency12

cetaceans with functional hearing between 150 Hz and 160 kHz, and high-frequency13

cetaceans with functional hearing estimated between 200 Hz and 180 kHz.14

3.4 Pinniped Hearing15

Pinnipeds have functional hearing both above and below the water, with broader16

functional hearing ranges in water (see Kastak and Schusterman 1998; Schusterman17

et al. 2000). Direct measurements of pinniped hearing have been obtained in less than18

a dozen different pinniped species (Southall et al. 2007; Mulsow and Reichmuth 2010;19

Mulsow et al. 2011) using both behavioral and electrophysiological measures. Southall20

et al. (2007) estimated functional hearing across all pinnipeds as extending between21

75 Hz and 75 kHz underwater and between 75 Hz and 30 kHz in air. Hearing in phocids22

(i.e., seals) extends to much higher frequencies than otariids (i.e., sea lions, fur seals),23

especially in water.24

3.5 Mustelid Hearing25

Only a few studies have characterized the bioacoustics of the sea otter. McShane et al.26

(1995) assessed sound production/vocalization and communication in sea otters. More27

recently, Ghoul and Reichmuth (2011) characterized both sound production and sound28

reception in the southern sea otter (Enhydra lutris nereis). Vocalizations appear to be29

restricted to airborne signals (Richardson et al. 1995), typically between mothers and30

pups; sound production underwater has never been observed. Ghoul and Reichmuth31

(2011) indicate that vocalizations (i.e., screams) in air were harmonic in structure and32

extremely broadband, with energy extending above 60 kHz. Dominant frequencies33

ranged from 6 to 8 kHz for adult females, and from 4 to 7 kHz for dependent pups.34

Source level measurements for all age and sex classes were variable, ranging from35

50 to 113 dB SPL (re 20 µPa [in air]).36
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3.6 Marine Mammal Hearing1

3.6.1 Sensitivity2

Hearing has been measured using behavioral and/or electrophysiological methods in3

about a quarter of the known marine mammal species, although with a disproportional4

representation of species commonly found in captivity, and some entire groups5

(e.g., mysticetes) remain untested (Southall 2012). Hearing sensitivity is generally6

quantified by determining the quietest possible sound that is detectable by an animal7

either via a behavioral response or by quantifying an electrical response, based on8

exposure to an acoustic signal. By exposing an animal to a broad range of test9

frequencies, the overall hearing capability can be determined. The graphic depiction of10

the overall hearing capability of a test subject is known as an audiogram (Figure H-3).11

Figure H-3. Audiogram from a California Sea Lion

(From: Southall et al. 2005; Southall 2012)

Hearing sensitivity is greatest in those frequency ranges where the detection sound12

levels are lowest. Audiograms follow a U-shaped curve, with the lowest frequency13

measures indicating best hearing sensitivity, flanked by decreased sensitivity at14

frequencies above and below. The region where hearing thresholds are within some15

range from the lowest overall threshold is often referred to as the overall range of16

Range of best
hearing sensitivity



Scientific Review

Low Energy Offshore Geophysical Permit H-21 July 2013
Program Update MND

functional hearing. Audiograms quickly provide an indication of the range of frequencies1

where the best hearing capabilities are found.2

3.6.2 Marine Mammal Hearing Weighting Functions3

Because marine mammals do not hear equally well at all frequencies,4

frequency-weighting functions were developed by Southall et al. (2007) as a method for5

quantitatively compensating for differential frequency responses for different species.6

Weighting functions are commonly applied to assess the potential for the detection of a7

sound at a specific frequency and to assess the potential impact arising from noise8

exposure. Table H-3 outlines the five functional hearing groups and estimated9

functional hearing ranges for marine mammals proposed by Southall et al. (2007).10

Table H-3. Marine Mammal Functional Hearing Groups and Estimated Functional11

Hearing Ranges (Adapted from: Southall et al. 2007)12

Functional

Hearing Group

Estimated

Auditory

Bandwidth

Genera Represented

(Number Species/Subspecies)

Frequency-

Weighting

Network

Low-frequency

Cetaceans

7 Hz to

22 kHz

Balaena, Caperea, Eschrichtius,

Megaptera, Balaenoptera

(13 species/subspecies)

M lf

Mid-frequency

Cetaceans

150 Hz to

160 kHz

Steno, Sousa, Sotalia, Tursiops,

Stenella, Delphinus,

Lagenodelphis, Lagenorhynchus,

Lissodelphis, Grampus,

Peponocephala, Feresa,

Pseudorca, Orcinus, Globicephala,

Orcacella, Physeter,

Delphinapterus, Monodon, Ziphius,

Berardius, Tasmacetus,

Hyperoodon, Mesoplodon

(57 species/subspecies)

Mmf
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Functional

Hearing Group

Estimated

Auditory

Bandwidth

Genera Represented

(Number Species/Subspecies)

Frequency-

Weighting

Network

High-frequency

Cetaceans

200 Hz to

180 kHz

Phocoena, Neophocaena,

Phocoenoides, Platanista, Inia,

Kogia, Lipotes, Pontoporia,

Cephalorhynchus

(20 species/subspecies)

Mhf

Pinnipeds

(in water)

75 Hz to

75 kHz

Arctocephalus, Callorhinus,

Zalophus, Eumetopias, Neophoca,

Phocarctos, Otaria, Erignathus,

Phoca, Pusa, Halichoerus,

Histriophoca, Pagophilus,

Cystophora, Monachus, Mirounga,

Leptonychotes, Ommatophoca,

Lobodon, Hydrurga, Odobenus

(41 species/subspecies)

Mpw

Pinnipeds

(in air)

75 Hz to

30 kHz

Arctocephalus, Callorhinus,

Zalophus, Eumetopias, Neophoca,

Phocarctos, Otaria, Erignathus,

Phoca, Pusa, Halichoerus,

Histriophoca, Pagophilus,

Cystophora, Monachus, Mirounga,

Leptonychotes, Ommatophoca,

Lobodon, Hydrurga, Odobenus

(41 species/subspecies)

Mpa

Abbreviations: Mlf = low-frequency cetaceans; Mmf = mid-frequency cetaceans; Mhf = high-frequency1
cetaceans; Mpw = pinnipeds (in water); Mpa = pinnipeds (in air).2

Using the estimated lower and upper frequency cut-off limits as 6-dB down points on an3

exponential roll-off for the frequency-weighting functions, Southall et al. (2007)4

developed frequency-weighting filters for each of the five functional hearing groups as5

shown in Figure H-4.6
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Figure H-4. Frequency-Weighting Functions for Cetaceans (Top) and Pinnipeds in

Air and Water (Bottom) Proposed by Southall et al. (2007)

1
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3.7 Thresholds and Exposure Criteria1

3.7.1 Regulatory Thresholds2

Within the U.S. Department of Commerce, the National Oceanic and Atmospheric3

Administration’s (NOAA), National Marine Fisheries Service (NMFS) is responsible for4

the stewardship of the nation's living marine resources and their habitat, including the5

management, conservation, and protection of living marine resources within the6

U.S. Exclusive Economic Zone (EEZ) (i.e., waters from 3 to 200 nautical miles [nm]7

offshore).8

Under the Marine Mammal Protection Act (MMPA) and the Federal Endangered9

Species Act (FESA), NMFS monitors the population status and recovery of protected10

marine species (i.e., whales, turtles), and oversees the permitting of incidental “take” of11

marine mammals. MMPA regulations make it illegal to "harass, hunt, capture or kill any12

marine mammal." The MMPA, as amended, defines "taking" to include harassment of13

marine mammals. Harassment is defined in the 1994 amendments to the MMPA as any14

act of pursuit, torment, or annoyance which has the potential to injure a marine mammal15

(Level A harassment) or disturb a marine mammal (Level B harassment) by causing16

disruption of behavioral patterns including migration, breathing, nursing, breeding,17

feeding, or sheltering.318

The history of the NMFS acoustic thresholds extends back to 1997. Based on interim19

guidelines put forth by the High Energy Seismic Survey (HESS) team, comprising staff20

from the CSLC, the U.S. Department of the Interior, Minerals Management Service (now21

the Bureau of Ocean Energy Management), and representatives of environmental22

groups (HESST 1999), NMFS established a 180 dB re 1 µPa rms threshold criterion for23

injury from sound exposure for cetaceans and a 190 dB re 1 µPa rms threshold criterion24

for pinnipeds. Additionally, Southall (2012) also notes that behavioral response criteria25

were developed as step-function (i.e., all-or-none) thresholds based solely on the rms26

value of received levels, and have been used by NMFS, although not entirely27

consistently. Thresholds for behavioral response from impulse sounds are 160 dB rms28

(received level) for all marine mammals, based on behavioral response data for marine29

mammals exposed to seismic airgun operations (Malme et al. 1983, 1984; Richardson30

et al. 1986). Thresholds for behavioral response from received “continuous”31

(non-impulsive) sounds have been set at 120 dB rms (for some but not all sound32

sources) based on the results of Malme et al. (1984) and Richardson et al. (1990).33

Recognizing that the available data on hearing and noise impacts were rapidly evolving34

and that a more comprehensive and scientifically robust method of assessment would35

be required than these simplistic threshold estimates, NMFS supported an expert36

working group to develop more comprehensive and current criteria. This process37

ultimately resulted in the Southall et al. (2007) marine mammal noise exposure criteria.38

3 Note that the definition of “take” as used under the MMPA regulations differs from “take” as defined in

section 86 of the California Fish and Game Code.
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Noise exposure criteria currently utilized by NMFS’s Office of Protected Resources1

(OPR) considers both continuous and intermittent sound sources based on SPL2

exposure, with differing thresholds for Level A (injury) and Level B (behavioral3

disruption) “harassment” thresholds depending upon the nature of the sound source4

(i.e., continuous versus intermittent [impulsive] noise sources).5

As noted above, current acoustic exposure thresholds are based exclusively on the rms6

SPL metric, which is the square root of the average of the square pressure of the sound7

signal over a given duration; however, the duration over which the rms SPL is8

calculated can vary significantly for impulsive sounds (i.e., airguns). Pulse duration and9

other pulse characteristics (e.g., rise time) can have significant influence on the10

potential for injury (e.g. permanent and temporary threshold shifts [PTS, TTS]) (Madsen11

et al. 2006). Wood et al. (2012) notes that thresholds based on rms SPL values alone12

are not good predictive indicators of the likelihood of injury, and suggest using the SEL13

threshold, which measures the energy of sound, and depends on both amplitude, or14

loudness, and duration of exposure. The SEL is the time-integral of the instantaneous15

squared sound pressure normalized to a squared reference pressure over a 1-second16

period, using a unit of 1 μPa²·s. The SEL metric is considered to be more biologically 17

realistic in the sense that it incorporates the duration of the noise into the noise metric18

as well as the received level, unlike the rms SPL metric that only incorporates the19

received level.20

3.7.2 Marine Mammal Noise Exposure Criteria21

Two key determinations were made as part of the Southall et al. (2007) analysis – the22

establishment of marine mammal “functional hearing groups” and the categorization of23

sound sources into “functional categories,” based on their acoustic and repetitive24

properties. The review and recommendations offered by Southall et al. (2007) indicated25

that the lowest received levels of impulsive sounds (e.g., airgun pulses) that might elicit26

slight auditory injury (PTS), using the SEL metric, are 198 dB re 1 μPa
2
·s in cetaceans27

and 186 dB re 1 μPa
2
·s in pinnipeds.28

As noted by Southall (2012), the noise criteria group also concluded that receipt of an29

instantaneous flat-weighted peak pressure exceeding 230 dB re 1 μPa (peak) for 30

cetaceans or 218 dB re 1 μPa (peak) for pinnipeds might also lead to auditory injury 31

even if the aforementioned cumulative energy-based criterion was not exceeded. While32

NMFS currently considers SEL in its incidental take authorizations, it has yet to33

establish formal SEL criteria. Proposed energy (SEL) criteria include:34

 Level A harassment (Injury):35

o 198 dB re 1 μPa2·s for cetaceans,36

o 186 dB re 1 μPa2·s for pinnipeds;37
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 Use of flat and M-weighting; and1

 Consideration of the site-specific environmental context for noise exposure,2

including factors such as seafloor type, temperature, salinity, and water column3

stratification.4

Based on the HESS (1999) panel conclusions, the NMFS established behavioral5

response criteria as a step-function (all-or-none) threshold based solely on the6

rms value of received levels. The threshold for behavioral response from impulse7

sounds was based on behavioral response data for marine mammals exposed to8

seismic airgun operations (Malme et al. 1983, 1984; Richardson et al. 1986). Southall9

et al. (2007) developed a severity scaling for behavioral responses but did not propose10

alternative criteria for multi-pulse sources, due to the fact that behavioral responses11

resulting from multiple pulse sound exposures are simply too variable and12

context-specific to justify proposing single disturbance criteria for broad categories of13

either taxa or sound sources.14

Southall (2012) noted that most of the earlier research addressing acoustic impacts was15

directed at determining exposure levels which produce injury (e.g., hearing/tissue16

damage; mass strandings). In recent years, there has been an increase in interest on17

population level effects (e.g., what constitutes a biologically significant behavior) and the18

overall acoustic ecology of marine life (NRC 2005; Southall et al. 2007).19

As outlined in Table H-3, Southall et al. (2007) proposed explicit and numerical20

exposure level values for injury from sound exposure for each of the marine mammal21

functional hearing groups. Using measured TTS-onset levels where possible, and22

extrapolating for related species when measurements were not available, Southall et al.23

(2007) were able to estimate TTS and PTS levels for sound exposure. For SEL values,24

the frequency-weighting functions would be applied to the received sound to account for25

differential frequency sensitivity among the different marine mammal groups. The26

resulting thresholds for injury from sound exposure for different marine mammal groups,27

via these general methods and using all available relevant data as proposed by Southall28

et al. (2007), are summarized in Table H-4. Exceptions include SEL values of 192 dB re29

1 µPa2·s for low-frequency cetaceans (Cell 1) and 179 dB re 1 µPa2·s for high-30

frequency cetaceans (Cell 7), both exposed to a single pulse; these revisions were31

derived from more recent efforts summarized by Wood et al. (2012).32
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Table H-4. Marine Mammal Noise Exposure Criteria1

for Injury for Different Marine Mammal Functional Hearing Groups,2

for Either Single or Multiple Exposures during a 24-Hour Period3

(From: Southall et al. 2007; Wood et al. 2012)4

Marine Mammal Group
Sound Type

Single Pulses Multiple Pulses Non-Pulses

Low-frequency Cetaceans Cell 1 Cell 2 Cell 3

SPL 230 dBpeak re 1 µPa (flat) 230 dBpeak re 1 µPa (flat) 230 dBpeak re 1 µPa (flat)

SEL 192 dB re 1 µPa2-s (Mlf) 198 dB re 1 µPa2-s (Mlf) 215 dB re 1 µPa2s (Mlf)

Mid-frequency Cetaceans Cell 4 Cell 5 Cell 6

SPL 230 dBpeak re 1 µPa (flat) 230 dBpeak re 1 µPa (flat) 230 dBpeak re 1 µPa (flat)

SEL 198 dB re 1 µPa2-s (Mmf) 198 dB re 1 µPa2-s (Mmf) 215 dB re 1 µPa2-s (Mmf)

High-frequency Cetaceans Cell 7 Cell 8 Cell 9

SPL 230 dBpeak re 1 µPa (flat) 230 dBpeak re 1 µPa (flat) 230 dBpeak re 1 µPa (flat)

SEL 179 dB re 1 µPa2-s (Mhf) 198 dB re 1 µPa2-s (Mhf) 215 dB re 1 µPa2-s (Mhf)

Pinnipeds (in water) Cell 10 Cell 11 Cell 12

SPL 218 dBpeak re 1 µPa (flat) 218 dBpeak re 1 µPa (flat) 218 dBpeak re 1 µPa (flat)

SEL 186 dB re 1 µPa2-s (Mpw) 186 dB re 1 µPa2-s (Mpw) 203 dB re 1 µPa2-s (Mpw)

Pinnipeds (in air) Cell 13 Cell 14 Cell 15

SPL 149 dBpeak re 20 µPa (flat) 149 dBpeak re 20 µPa (flat) 149 dBpeak re 20 µPa (flat)

SEL 144 dB re 20 µPa2-s (Mpa) 144 dB re 20 µPa2-s (Mpa) 144.5 dB re 20 µPa2-s (Mpa)

Acronyms and Abbreviations: SEL = sound exposure level; SPL = sound pressure level.5

Based on the recent review of Southall (2012), several notable conclusions pertinent to6

these criteria were identified: (1) the predicted received levels necessary to induce7

injury are relatively high; and (2) all of the cetaceans have numerically-identical8

threshold values, with the exception of the frequency-weighting functions. The first9

conclusion is a function of the relatively high TTS-onset values in the marine mammal10

species tested to date. The second conclusion is a reflection of available data when the11

Southall et al. (2007) findings were published; there were no direct data on auditory12

fatigue in low- or high-frequency cetaceans, and the mid-frequency cetacean TTS-onset13

levels were used for these other groups. Subsequently, Lucke et al. (2009) have shown14

significantly lower onset values for TTS in high-frequency cetaceans.15

Southall (2012) also notes that newer TTS measurements for mid-frequency cetaceans16

(Finneran and Schlundt 2010; Finneran et al. 2010a,b) will require reanalysis of the17

appropriate TTS onset and, correspondingly, injury onset for this category. Per Southall18

(2012), despite recent findings regarding TTS among several odontocete species, the19

Southall et al. (2007) approach to marine mammal noise exposure continues to20

represent a major evolution in the complexity and scientific basis for predicting the21

effects of noise on hearing in marine mammals over the extremely simplistic historical22

NMFS thresholds for injury.23
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In terms of behavioral impacts, the Southall et al. (2007) noise exposure criteria took a1

dual approach depending on the sound type (Southall 2012). For exposure to single2

impulses, the acoustic component of the event was considered sufficiently intense to3

constitute behavioral harassment at levels consistent with TTS onset (Table H-5).4

Table H-5. Marine Mammal Noise Exposure Criteria for Behavior5

for Different Marine Mammal Functional Hearing Groups6

(From: Southall et al. 2007)7

Marine Mammal Group
Sound Type

Single Pulses Multiple Pulses Non-Pulses

Low-frequency Cetaceans Cell 1 Cell 2 Cell 3

SPL 224 dBpeak re 1 µPa (flat)
Variablea, ranging from

110-180 dB rms re 1 µPa (flat)
Variablef, ranging from

90-160 dB rms re 1 µPa (flat)

SEL 183 dB re 1 µPa2-s (Mlf) Not applicable Not applicable

Mid-frequency Cetaceans Cell 4 Cell 5 Cell 6

SPL 224 dBpeak re 1 µPa (flat)
Variableb, ranging from

100-180 dB rms re 1 µPa (flat)
Variableg, ranging from

80-200 dB rms re 1 µPa (flat)

SEL 183 dB re 1 µPa2-s (Mmf) Not applicable Not applicable

High-frequency Cetaceans Cell 7 Cell 8 Cell 9

SPL 224 dBpeak re 1 µPa (flat)
Variablec, ranging from 80-160

dB rms re 1 µPa (flat)

Variablec, ranging from

80-160 dB rms re 1 µPa (flat)

SEL 183 dB re 1 µPa2-s (Mhf) Not applicable Not applicable

Pinnipeds (in water) Cell 10 Cell 11 Cell 12

SPL 212 dBpeak re 1 µPa (flat)
Variabled, ranging from 150-

200 dB rms re 1 µPa (flat)

Variableh, ranging from

80-140 dB rms re 1 µPa (flat)

SEL 171 dB re 1 µPa2-s (Mpw) Not applicable Not applicable

Pinnipeds (in air) Cell 13 Cell 14 Cell 15

SPL 109 dBpeak re 20µPa (flat)
Variablee, ranging from

60-80 dB rms re 1 µPa (flat)
Variablei, ranging from

60-120 dB rms re 1 µPa (flat)

SEL 100 dB re 20 µPa2-s (Mpa) Not applicable Not applicable

Acronyms and Abbreviations: SEL = sound exposure level; SPL = sound pressure level.8

Note: SPLs noted as Variable show ranges which are species-specific, reflecting exposures to different9
sound sources. Southall et al. (2007) also characterized severity scores for exposures.10
a see Southall et al. 2007, Tables 6 and 7; b see Southall et al. 2007, Tables 8 and 9; c see Southall et al.11
2007, Tables 18 and 19; d see Southall et al. 2007, Tables 10 and 11; e see Southall et al. 2007, Tables12
12 and 13; f see Southall et al. 2007, Tables 14 and 15; g see Southall et al. 2007, Tables 16 and 17; h13
see Southall et al. 2007, Tables 20 and 21; i see Southall et al. 2007, Tables 22 and 23.14

The rationale for this determination rested with the nature of the sound – single impulse15

events are brief and transient. Any responses other than those affecting hearing would16

likely also be similar in nature, and would not affect the long-term health or fitness of the17

exposed mammal. Southall et al. (2007), however, did note that startle responses could18

trigger stress and other physiological responses, the biological significance of which19

remains poorly understood.20

For all other sound types, Southall et al. (2007) did not propose explicit threshold criteria21

given the influences of “context-dependence” and other complexities inherent in22

behavioral responses. In lieu of explicit threshold criteria, it was concluded that23
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significant behavioral effects would (1) likely occur at exposure levels below those1

required for TTS and PTS; and (2) that the simple step-function thresholds for behavior2

were inconsistent with the best available science. Southall et al. (2007) concluded that3

the type and magnitude of behavioral responses to noise exposure involve a multitude4

of factors, and cannot be as readily determined as thresholds for injury.5

To begin addressing some of these issues, Southall et al. (2007) derived a severity6

scaling approach (Table H-6) to attempt to determine the likely significance of observed7

responses. This effort, in part, was intended to highlight the importance of those8

responses with the potential to affect vital rates and survivorship (sensu NRC 2005). An9

ordinal ranking of behavioral response severity was developed as an initial step in10

separating relatively minor and/or brief behaviors from those more likely to affect vital11

rates and survivorship. The observed behavioral responses in all 10 conditions for12

multiple pulses and continuous noise for each of the five functional hearing groups were13

reviewed in detail, and individual responses were assessed according to this severity14

scaling and measured or reasonably estimated exposure levels (Southall 2012).15

Table H-6. Severity Scale Developed by Southall et al. (2007)16

to Rank Observed Behavioral Responses of Free-Ranging Marine Mammals17

to Various Types of Anthropogenic Sound18

Response

Score
Corresponding Behavior(s) for Free-ranging Subjects

0  No observable response

1  Brief orientation response (investigation/visual orientation)

2

 Moderate or multiple orientation behaviors

 Brief or minor cessation/modification of vocal behavior

 Brief or minor change in respiration rates

3

 Prolonged orientation behavior

 Individual alert behavior

 Minor changes in locomotion speed, direction, and/or dive profile but no avoidance of sound source

 Moderate change in respiration rate

 Minor cessation or modification of vocal behavior (duration < duration of source operation),
including the Lombard Effect

4

 Moderate changes in locomotion speed, direction, and/or dive profile but no avoidance of sound
source

 Brief, minor shift in group distribution

 Moderate cessation or modification of vocal behavior (duration ≈ duration of source operation) 

5

 Extensive or prolonged changes in locomotion speed, direction, and/or dive profile but not
avoidance of sound source

 Moderate shift in group distribution

 Change in inter-animal distance and/or group size (aggregation or separation)

 Prolonged cessation or modification of vocal behavior (duration > duration of source operation)

6

 Minor or moderate individual and/or group avoidance of sound source

 Brief or minor separation of females and dependent offspring

 Aggressive behavior related to noise exposure (e.g., tail/flipper slapping, fluke display, jaw
clapping/gnashing teeth, abrupt directed movement, bubble clouds)

 Extended cessation or modification of vocal behavior

 Visible startle response
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Response
Score

Corresponding Behavior(s) for Free-ranging Subjects

 Brief cessation of reproductive behavior

7

 Extended or prolonged aggressive behavior

 Moderate separation of females and dependent offspring

 Clear anti-predator response

 Severe and/or sustained avoidance of sound source

 Moderate cessation of reproductive behavior

8

 Obvious aversion and/or progressive sensitization

 Prolonged or significant separation of females and dependent offspring with disruption of acoustic
reunion mechanisms

 Prolonged cessation of reproductive behavior

9
 Outright panic, flight, stampede, attack of conspecifics, or stranding events

 Avoidance behavior related to predator detection

1

As noted by Southall (2012), the primary advances made in the Southall et al. (2007)2

criteria in terms of behavioral response were to very clearly demonstrate that3

step-function thresholds for response using a single received level and no other4

considerations related to behavioral context are overly simplistic and outdated, and to5

develop at least a qualitative means of addressing behavioral response severity issues.6

The Southall et al. (2007) criteria for behavior represent a starting point in the7

development of a working framework to evaluate and characterize the type and8

magnitude of biologically-significant behavioral responses of marine mammals to noise.9

Broad application of the Southall et al. (2007) criteria for both injury and behavior has10

been relatively slow in evolving, per Southall (2012) due, in part, to the increased11

complexity of the recommendations over the previous simplistic approaches12

(e.g., step-functions used by NMFS). However, NMFS has used exposure criteria13

consistent with the Southall et al. (2007) thresholds for injury from sound exposure for14

assessing potential impacts of Navy active sonar operations (Federal Register 2009a,b)15

for a variety of species, including large whales and pinnipeds. These regulations16

actually include higher exposure values for certain species for which higher TTS-onset17

values were directly measured than the more conservative values used in Southall et al.18

(2007). Additionally, NMFS regulations (Federal Register 2009a,b) have also begun to19

use a more graduated dose-function based approach to behavioral response rather20

than the historical step-function thresholds.21

NMFS is preparing acoustic exposure guidelines that are expected to increasingly22

consider the increased complexity and context-dependence of responses of marine23

mammals to sound (Southall 2012).24

3.8 Effects of Noise Exposure from Low Energy Geophysical Survey25

Equipment26

Most studies addressing the effects of anthropogenic sound on marine mammals have27

focused on the effects of sound from airguns and similar high energy, low-frequency28
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sources. Few studies have been directed specifically at the effects of low energy1

geophysical survey equipment.2

However, the potential impacts of such sources have received increasing attention over3

the past several years, particularly in regards to research-based survey activity. For4

example, the National Science Foundation (NSF) issued an Environmental Impact5

Statement/Overseas Environmental Impact Statement (EIS/OEIS) which evaluated the6

effects of research-based seismic and oceanographic sonar emissions on marine7

mammals (NSF 2010); equipment evaluated included an airgun array, as well as8

oceanographic survey equipment previously thought be relatively benign9

(e.g., subbottom profiler, multibeam echosounder, pingers, and acoustic current10

profiler). Environmental analyses of similar equipment types have also considered the11

impacts to other marine fauna, including sea turtles, fishes, and invertebrates12

(e.g., NSF 2011). Summary study findings pertinent to low energy geophysical13

equipment noise exposure to marine mammals are provided in Table H-7.14

Table H-7. Summary of Study Results for Marine Mammals Exposed to15

Low Energy Geophysical Equipment Emissions (Adapted from: NSF 2010)16

Species/Group Major Findings Source

Mysticetes - Baleen Whales

Humpback
whale

Movement away from the source upon exposure to 3.3 kilohertz (kHz) sonar
pulses; increased swimming speeds and track linearity in response to 3.1- to 3.6-
kHz sonar sweeps

Maybaum
1990, 1993

Humpback
whale

Documented changes in vocalization (songs) and swimming patterns upon
exposure to low-frequency active (LFA) sonar transmissions

Miller et al.
2000; Clark
et al. 2001

Gray whale

Migrating gray whales reacted to a 21 to 25 kHz whale-finding sonar (source level:
215 dB re 1 μPa at 1 meter [m]) by orienting slightly away from the source and 

being deflected from their course by approximately 200 m; responses were not
obvious in the field and were only determined later during data analysis

Frankel 2005

Mysticetes,
general

Reactions of marine mammals to a 38-kHz echosounder and a 150-kHz acoustic

current profiler (ACP) were documented; results indicated that mysticetes showed
no significant responses when the echosounder and ACP were transmitting

Gerrodette

and Pettis
2005

Mysticetes,

general

Whaling catcher boats reported that baleen whales showed strong avoidance of

echosounders that were sometimes used to track baleen whales underwater

Richardson

et al. 1995

Mysticetes,
general

Ultrasonic pulses emitted by whale scarers during whaling operations tended to
scare baleen whales to the surface

Richardson
et al. 1995

Right,

humpback, and
fin whales

No reactions were noted following exposure to pingers and sonars at and above

36 kHz, although these species often reacted to sounds at frequencies of 15 Hertz
(Hz) to 28 kHz

Watkins
1986
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Species/Group Major Findings Source

Odontocetes - Toothed Whales

Dolphins,

beaked whales

When the echosounder and ACP were on, spotted and spinner dolphins were

detected slightly more often and beaked whales less often during visual surveys

Gerrodette
and Pettis

2005

Sperm whale Some sperm whales stopped emitting pulses in response to 6 to 13 kHz pingers
Watkins and

Schevill
1975

Sperm whale
Sperm whales usually continued calling and did not appear to otherwise react to
continual pulsing from echosounders emitting at 12 kHz

Backus and
Schevill
1966;

Watkins
1977

Bottlenose
dolphin

Behavior of captive, open-sea enclosed dolphins appeared to change in response

to sounds from a close and/or approaching marine geophysical survey vessel
operating a 1-kHz sparker, 375-kHz side-scan sonar, 95-kHz multibeam
echosounder, and two 20-50 kHz singlebeam echosounders

van der
Woude 2007

Killer whale

Occurrence was significantly lower during a 7-year period when acoustic

harassment devices (10 kHz at 194 dB re 1 μPa m) were installed in the area; 
whales returned to baseline numbers when these sound sources were removed

Morton and

Symonds
2002

Harbor porpoise
Acoustic alarms operating at 10 kHz with a source level of 132 dB re 1 μPa m 
were an effective deterrent

Kraus et al.
1997

Harbor porpoise

Subjected one harbor porpoise in a large floating pen to a continuous 50 kHz
pure tone with a source level of 122 ± 3 dB re 1 µPa m rms; the porpoise moved
away from the sound at an estimated avoidance threshold of 108 ± 3 dB re 1 µPa
root mean square (rms) and did not habituate to it despite 66 exposures

Kastelein
et al. 2008

Pinnipeds – Seals and Sea Lions

Gray seal

Two gray seals, exposed to operation of a 375 kHz multibeam imaging sonar that

included significant signal components down to 6 kHz, reacted by significantly
increasing dive duration; no significant differences were found in swimming
direction relative to the operating sonar

Hastie and
Janik 2007

1

Ireland et al. (2005) noted numerous observations and acoustic detection of mysticetes,2

odontocetes, and pinnipeds during research surveys which utilized low energy3

geophysical equipment. Results suggest that marine mammals often appear to tolerate4

the presence of these sources when operating within several kilometers (km), and5

sometimes within a few hundred meters (m), of the source. Given the directional nature6

of the sounds from these sonars, only a fraction of the marine mammals seen by7

observers were likely to have been within the beams before or during the time of the8

sightings. Many of these mammals probably were not exposed to the sonar sounds9

despite the proximity of the ship (NSF 2010).10

Little is known about reactions of odontocetes to underwater noise pulses, including11

sonar. Available data on responses to sonar are limited to a small number of species12

and conditions, including studies of captive animals. Most available data on odontocete13

responses to sonar are associated with beaked whales and high-intensity,14
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mid-frequency military sonars, and are not applicable to the low energy geophysical1

equipment sources being utilized under permit in California state waters.2

The U.S. Navy (2012), in a recent analysis of cetacean behavioral responses to3

mid-frequency sonar, noted that blue whales exposed to mid-frequency sonar in the4

Southern California Bight were less likely to produce low-frequency calls usually5

associated with feeding behavior (Melcón et al. 2012). It is not known whether the lower6

rates of calling actually indicated a reduction in feeding behavior or social contact since7

the study used data from remotely deployed, passive acoustic monitoring buoys. In8

contrast, blue whales increased their likelihood of calling when ship noise was present,9

and decreased their likelihood of calling in the presence of explosive noise, although10

this result was not statistically significant (Melcón et al. 2012). Additionally, the11

likelihood of an animal calling decreased with the increased received level of12

mid-frequency sonar, beginning at a sound pressure level of approximately 110 to13

120 dB re 1 μPa (Melcón et al. 2012). 14

Preliminary results from the 2010–2011 field season of the ongoing behavioral response15

study in southern California waters indicated that in some cases and at low received16

levels, tagged blue whales responded to mid-frequency sonar but that those responses17

were mild and there was a quick return to their baseline activity (Southall et al. 2011).18

These preliminary findings from Melcón et al. (2012) and Southall et al. (2011) are19

consistent with the Navy’s criteria and thresholds for predicting behavioral effects to20

mysticetes (including blue whales) from sonar and other active acoustic sources used in21

the quantitative acoustic effects analysis. The behavioral risk function predicts a22

probability of a substantive behavioral reaction for individuals exposed to a received23

sound pressure level of 120 dB re 1μPa or greater, with an increasing probability of 24

reaction with increased received level as demonstrated in Melcón et al. (2012).25

In addition to the lower energy levels emitted by permitted geophysical equipment,26

survey equipment is also highly directional in nature (i.e., directed downward, with27

narrow beam widths) when compared to either high energy seismic equipment or28

tactical sonar. Exposure risk to the highest sound source levels, therefore, occurs in29

close proximity to the equipment, and within the focused beam beneath the source.30

Per NSF (2010), the behavioral reactions of free-ranging odontocetes to echosounders,31

pingers, and other acoustic equipment appear to vary by species and circumstance.32

Various dolphin and porpoise species have been seen bowriding while this equipment33

was operational during NSF-sponsored seismic surveys (e.g., see Smultea and Holst34

2004; Smultea et al. 2008).35

Very few data are available on the reactions of pinnipeds to sonar sounds at36

frequencies similar to those used during marine seismic operations. In addition, no37

studies were identified regarding exposure of mustelids (sea otters) to low energy38

geophysical equipment emissions.39
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NSF (2010) also addressed the potential for TTS and PTS to occur in marine mammals1

exposed to noise from geophysical survey operations. Important findings include:2

 There has been no specific documentation of TTS in free-ranging marine3

mammals exposed to sonar pulses of the types used during marine seismic4

surveys.5

 For mysticetes, there are no data, direct or indirect, on levels or properties of6

sound that are required to induce TTS from active sonar of any type. In general,7

auditory thresholds of mysticetes within their frequency band of best hearing are8

believed to be higher (less sensitive) than are those of odontocetes at their best9

frequencies (Clark and Ellison 2004). If so, their TTS thresholds may also be10

higher (Southall et al. 2007).11

 The TTS threshold for the beluga whale and bottlenose dolphin has been12

measured in captivity to be approximately 195 dB re 1 µPa2·s for exposure to a13

single non-impulsive tonal sound (Schlundt et al. 2000; Finneran et al. 2005;14

reviewed in Southall et al. 2007).15

 Kremser et al. (2005), among others, have noted that the probability of a16

cetacean swimming through the area of exposure when a multibeam17

echosounder emits a pulse is small. The animal would have to pass the18

transducer at close range and be swimming at a speed and direction similar to19

the vessel in order to be subjected to repeated pulses and cumulative sound20

energy levels that could cause TTS.21

 TTS thresholds for sounds of the types produced by multibeam echosounders,22

subbottom profilers, ACPs, and pingers have not been measured in pinnipeds,23

however, studies of TTS onset upon exposure to prolonged non-impulse sounds24

have been done in the harbor seal, California sea lion, and northern elephant25

seal (Kastak et al. 2005, 2008; Southall et al. 2007). Study results suggest that26

some pinnipeds (e.g., harbor seal) may incur TTS at somewhat lower received27

energy levels than do small odontocetes exposed for similar durations (Kastak et28

al. 1999, 2005; Ketten et al. 2001; Southall et al. 2007). In harbor seals, the TTS29

threshold for non-impulse sounds is approximately 183 dB re 1 μPa2·s, as30

compared with approximately 195 dB re 1 μPa2·s in odontocetes (Kastak et al.31

2005; Southall et al. 2007). TTS onset occurs at higher received energy levels in32

the California sea lion and northern elephant seal than in the harbor seal.33

3.9 Assessment of Hearing Information for Marine Mammal Species in34

California State Waters35

More than 40 marine mammal species have been documented in California waters36

(Table H-8). Most of the marine mammals likely to be present in California state waters37

are cetaceans, with several pinnipeds and a single mustelid also present.38
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Table H-8. Marine Mammals of California, including Minimum Population Estimates, Habitat,1

Hearing Group Classification, and Protected and Stock Status2

Taxonomic Classification
and Common Name

Scientific Name
Minimum Population Estimate

and Presence/Stock
Habitat

Hearing
Group

Protected
Status

Stock
Status

Mysticetes – Baleen Whales

Order: Cetacea
Family: Eschrichtiidae (gray whales)

Gray whale Eschrichtius robustus Migrant; 18,017 (ENP stock)a CN Mlf P NS/ND

Family: Balaenopteridae (rorquals)

Bryde’s whale Balaenoptera edeni Vagrant; no estimate O Mlf P NS/ND

Minke whale Balaenoptera acutorostrata scammoni 478 (CA/OR/WA stock) CN, O Mlf P NS/ND

Sei whale Balaenoptera borealis borealis 126 (ENP stock) O Mlf E S, D

Blue whale Balaenoptera musculus musculus 2,497 (ENP stock) CN, O Mlf E S, D

Fin whale Balaenoptera physalus physalus 3,044 (CA/OR/WA stock) CN, O Mlf E S, D

Humpback whale Megaptera novaeangliae 2,043 (CA/OR/WA stock) CN, O Mlf E S, D
Family: Balaenidae (right whales)

North Pacific right whale Eubalaena japonica Vagrant; 31 (ENP stock) CN, O Mlf E S, D

Odontocetes – Toothed Whales

Family: Delphinidae (dolphins)

Short-beaked common dolphin Delphinus delphis 411,211 (CA/OR/WA stock) CN, O Mmf P NS/ND

Long-beaked common dolphin Delphinus capensis capensis 27,046 (CA stock) CN Mmf P NS/ND

Short-finned pilot whale Globicephala macrorhynchus 760 (CA/OR/WA stock) O Mmf P NS/ND

Risso's dolphin Grampus griseus 6,272 (CA/OR/WA stock) CN, O Mmf P NS/ND

Pacific white-sided dolphin Lagenorhynchus obliquidens 26,930 (CA/OR/WA stock) CN, O Mmf P NS/ND

Northern right whale dolphin Lissodelphis borealis 8,334 (CA/OR/WA stock) CN, O Mmf P NS/ND

Killer whale Orcinus orca
86 (ENP southern resident)
240 (ENP offshore stock)
346 (ENP transient stock)

CN, O Mmf P NS/ND

False killer whale Pseudorca crassidens Vagrant CN, O Mmf P NS/ND

Striped dolphin Stenella coeruleoalba 10,908 (CA/OR/WA) O Mmf P NS/ND

Bottlenose dolphin Tursiops truncatus truncatus 1,006 (CA/OR/WA offshore)
450 (Coastal CA population)

CN, O Mmf P NS/ND

Family: Phocoenidae (porpoises)

Dall's porpoise Phocoenoides dalli dalli 42,000 (CA/OR/WA stock) CN, O Mhf P NS/ND

Harbor porpoise Phocoena phocoena vomerina
40,000+ (NCA-SO)b

1,079 (Monterey Bay stock)
1,478 (Morro Bay stock)

CN, O Mhf P NS/ND

Family: Physeteridae (sperm whales)

Pygmy sperm whale Kogia breviceps 579 (CA/OR/WA stock) O Mhf P NS/ND
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Taxonomic Classification
and Common Name

Scientific Name
Minimum Population Estimate

and Presence/Stock
Habitat

Hearing
Group

Protected
Status

Stock
Status

Dwarf sperm whale Kogia sima Unknown; Rare O Mhf P NS/ND

Sperm whale Physeter macrocephalus 971 (CA/OR/WA stock) O Mmf E S, D

Family: Ziphiidae (beaked whales)

Baird’s beaked whale Berardius bairdii 615 (CA/OR/WA stock) O Mmf P NS/ND

Hubbs' beaked whale Mesoplodon carlhubbsi 907-2,143c O Mmf P NS/ND

Blainville's beaked whale Mesoplodon densirostris 907-2,143c O Mmf P NS/ND

Ginkgo-toothed beaked whale Mesoplodon ginkgodens 907-2,143c O Mmf P NS/ND

Perrin's beaked whale Mesoplodon perrini 907-2,143c O Mmf P NS/ND

Pygmy beaked whale Mesoplodon peruvianus Single record; 907-2,143c O Mmf P NS/ND

Stejneger's beaked whale Mesoplodon stejnegeri 907-2,143c O Mmf P NS/ND

Cuvier's beaked whale Ziphius cavirostris 1,298 (CA/OR/WA stock) O Mmf P NS/ND
Pinnipeds – Seals and Sea Lions

Order: Carnivora

Family: Otariidae (eared seals)

Guadalupe fur seal Arctocephalus townsendi
7,408 total; several (N Channel

Is.)
CN Mpw

P, T, ST,
FP

S, D

Northern fur seal Callorhinus ursinus 9,968 (San Miguel Is. stock) CN Mpw P NS/ND

Northern (Steller) sea lion Eumetopias jubatus
52,847 (Eastern U.S. stock)
2,497 (CA; site counts only)

CN, O Mpw P, T S, D

California sea lion Zalophus californianus 153,337 (U.S. stock) CN Mpw P NS/ND
Family: Phocidae (earless seals)

Northern elephant seal Mirounga angustirostris 124,000 (CA breeding stock) CN, O Mpw P NS/ND

Harbor seal Phoca vitulina richardsi 30,196 (CA stock) CN Mpw P NS/ND
Mustelid – Sea Otter

Order: Carnivora
Family: Mustelidae (weasels)

Southern sea otter Enhydra lutris nereis 2,792 CN Broad P, T, FP S, D

a Eastern North Pacific stock; b Northern California-southern Oregon stock; c For management purposes, several beaked whales inhabiting U.S.1
waters have been placed in the Alaska Stock and California/Oregon/Washington Stock by NOAA, NMFS, Office of Protected Resources (OPR).2
The estimated population for Blainville's, Perrin's, Pygmy, Gingko-toothed, Hubb's, and Stejneger's beaked whales in the3
California/Oregon/Washington stock is 907 to 2,143 animals.4

Habitat: CN = coastal and/or nearshore; O = offshore and/or deep water. Status: P = protected (Marine Mammal Protection Act [MMPA]);5
FP = State fully protected; E = endangered (Federal Endangered Species Act [FESA]); T = threatened (FESA); ST = threatened (California6
Endangered Species Act [CESA]); NS/ND = not strategic stock/not depleted (MMPA); S = strategic stock (MMPA); D = depleted (MMPA).7

Hearing Groups per Southall et al. (2007) for all marine mammals except the southern sea otter: Mlf = low-frequency cetacean (7 Hz to 22 kHz);8
Mmf = mid-frequency cetacean (150 Hz to 160 kHz); Mhf = high-frequency cetacean (200 Hz to 180 kHz); Mpw = pinnipeds in water; (75 Hz to 759
kHz); Broad = sea otter (0.125 to 32 kHz, per Ghoul and Reichmuth [2011]).10
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For some of these species (e.g., bottlenose dolphins), relatively good information exists1

about hearing and behavioral responses to some types of sounds (e.g., Nowacek et al.2

2001). For most of the mid-frequency cetacean species, including the endangered3

sperm whale, the injury criteria proposed by Southall et al. (2007) and general4

conclusions on behavioral response are considered to be applicable; direct recent5

information on behavioral responses in sperm whales to other forms of anthropogenic6

noise are available as well (e.g., Miller et al. 2009).7

For the endangered mysticetes that occur in offshore California waters (e.g., blue, fin,8

humpback, and sei whales), as for all low-frequency cetaceans, no direct information9

regarding hearing is available. Current exposure criteria for injury are based on10

assumptions and extrapolations from mid-frequency cetacean data that may need to be11

reassessed to some degree based on the subsequent measurements of lower12

TTS-onset levels in bottlenose dolphins within their range of best hearing sensitivity13

(Finneran and Schlundt 2010).14

In terms of behavioral response, substantial effort has been made and data are15

available for anthropogenic impulsive noise sources (e.g., seismic airguns, sonars) for16

mysticetes, though not for all of the species present offshore California. Recently,17

Southall et al. (2011) demonstrated behavioral responses, and an apparent18

context-dependence in response based on behavioral state, in some blue and fin19

whales exposed to simulated sonar sounds off the coast of California.20

3.10 Marine Mammal Sound Research21

In January 2010, NOAA committed to improving the tools used by the agency to22

evaluate the impacts of human-induced noise on cetaceans. As a result, two data and23

product-driven working groups were convened in January 2011: the Underwater Sound-24

field Mapping Working Group (SoundMap) and the Cetacean Density and Distribution25

Mapping Working Group (CetMap). In May 2012, the working groups presented their26

products at a symposium where potential management applications were discussed27

with a large multi-stakeholder audience. The final report for the symposium can be28

found at: http://cetsound.noaa.gov/pdf/CetSound_Symposium_Report_Final.pdf. The29

following summaries of working group scope and progress outline the tools which are30

now available.31

3.10.1 Sound Field Data Availability32

The specific objective of the NOAA SoundMap is to create mapping methods to depict33

the temporal, spatial, and spectral characteristics of underwater noise. Of specific34

interest to the working group is the development of tools to map the contribution of35

human sound sources to underwater ocean noise in U.S. waters. These tools use36

environmental descriptors and the distribution, density, and acoustic characteristics of37

human activities within U.S. waters to develop first-order estimates of their contribution38

to ambient noise levels at multiple frequencies, depths, and spatial/temporal scales.39
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SoundMap has focused its efforts on developing feasible methods that could be1

implemented within a one-year analytical effort. A variety of informed approximations2

were necessarily applied to enhance computational feasibility and to bridge data gaps.3

All extrapolations and assumptions made in producing these products have been4

explicitly documented in methodology summaries. These summaries are intended to5

assist users in understanding the current status of the available sound field data, the6

methodologies applied, and the requirements for producing different or higher resolution7

products in the future. For this first release, SoundMap is providing preliminary mapping8

products as images with the goal of making the underlying data available in subsequent9

releases. An example is provided in Figure H-5.10

Figure H-5. Noise Levels off the Southwest U.S. Coast from Passenger Vessels
(From: NOAA 2012)

11

NOAA (2012) outlines the following data characteristics for SoundMap modeling:12

 Spectral resolution: The emphasis of SoundMap modeling on broad-scale and13

long-term (seasonal to annual) noise exposure resulted in a focus on low-14

frequencies, ranging from 50 to 1,000 Hz (with several specific exceptions), since15

higher frequencies are subject to strong absorption effects and are more local in16

effect. Broader band levels (1/3rd–octave) were estimated based on modeled17

frequencies to assist interpretation relative to mammalian hearing systems.18
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 Spatial resolution: SoundMap modeling focused on coastal waters at least 5 m in1

depth out to the 200 nm U.S. EEZ boundary at a 0.1° x 0.1° (approximately 1002

square kilometers [km2] at the equator) grid size. Additionally, due to the3

emphasis on low-frequencies and the lack of a hard boundary for noise at 2004

nm, some sources of chronic noise at greater ranges were modeled for larger5

portions of ocean basins at 1° x 1° (approximately 10,000 km2 at the equator). To6

capture differences in sound propagation and how this can influence interactions7

with marine wildlife that spend time at different depths, modeling was conducted8

at discrete depths between 5 m and (up to) 1,000 m.9

 Temporal resolution: The central SoundMap products are predicted noise level10

maps for U.S. EEZ waters of the continental U.S., Hawaii, and Alaska. These11

maps depict predictions of wide-ranging contributions from “chronic”12

anthropogenic sources of underwater noise, including vessels (e.g., merchant13

shipping; ocean-going passenger vessels; mid-sized service, fishing and14

passenger vessels) in regions where data were available, and sustained areas of15

offshore energy exploration (i.e., seismic surveys). Predicted received levels are16

expressed as equivalent, unweighted SPLs (Leq), which are averages of17

aggregated sound levels. Averaging time varies according to the appropriate18

timescales for the activities of interest, with a focus on annual averages from19

year-round activities (e.g., merchant shipping in most regions), and shorter20

scales for activities or events which are seasonal (e.g., in sometimes ice-covered21

areas).22

Additionally, mapping efforts were conducted for four localized and transient events that23

are more episodic or seasonal; these were selected to reflect major acute sources of24

human-induced noise in areas of biological importance to marine mammals, including:25

(1) a military active sonar training exercise in Hawaii; (2) a period of seismic exploration26

in the Beaufort Sea; (3) the installation of an alternative energy platform off New27

England; and (4) the decommissioning of an oil platform in the Gulf of Mexico.28

Key discussions of the working group focused on each of the transient event scenarios,29

in particular methods for summing energy from chronic and intermittent sources during30

the events, and presenting cumulative energy averages over days to months when31

some sources were intermittent during those time periods. The group wanted to avoid32

averaging over “dead periods” between noisy events (especially very long events) and33

not retaining duration information, given the ultimate goal of integrating this meaningfully34

with biologics.35

As a result, events were divided into an appropriate number of acoustic “states”36

characterized by combinations of sources that are coincident over discrete time periods37

(e.g., staging prior to driving a pile, then driving a pile, then a break, then driving a pile,38

etc.). Duration information associated with these “states” can be retained and exemplary39

output maps can be created for each.40
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3.10.2 Cetacean Density and Distribution Mapping Working Group1

The specific objective of the CetMap is to create comprehensive and easily accessible2

regional cetacean density and distribution maps that are time- and species-specific,3

ideally using survey data and models that estimate density using predictive4

environmental factors. In order to depict the best comprehensive cetacean density and5

distribution maps, the CetMap attained the following goals:6

 Identified a hierarchy of preferred density and distribution model or information7

types;8

 Conducted a cetacean data availability assessment that included making9

previously less accessible data available through this effort;10

 Modeled or re-modeled density using first-tier habitat-based density models in11

some critical areas, based upon updated methods and/or new data;12

 Created standardized geographic information system (GIS) files from the new13

modeling results and other existing modeling results; and14

 Developed a NOAA website interface that organizes these datasets and maps to15

highlight the best available information type, making them searchable by region,16

species, and month, and making many of the GIS files available for download.17

The Tier 1 species-specific CetMap products presented (i.e., the habitat-based density18

models) are predominantly at a spatial resolution of 10 km2, with a few at 25 km2, based19

on the manner in which the data were initially collected or modeled. Products are20

organized by month, but depicted in a manner that reflects when model results are21

predicting only seasonal resolution. The CetMap products can be viewed and22

downloaded, with accompanying metadata, at the NOAA Cetacean Sound/CetMap23

website (cetsound.noaa.gov).24

Separately, to augment the more quantitative density and distribution mapping25

described above and to provide additional context for marine mammal impact analyses,26

the CetMap also identified (through literature search, current science compilation, and27

expert consultation) known areas of importance for cetaceans. Important areas included28

areas used for reproduction, feeding, and migration, as well as areas in which small or29

resident populations are concentrated.30

CetMap efforts, as noted by NOAA (2012), include development of an information31

hierarchy, completion of a cetacean data availability assessment, and completion of32

initial density modeling. Each of these milestones are outlined below.33

For the information hierarchy task, CetMap identified and broadly evaluated the34

information-types and modeling methods available for estimating marine mammal35

density and distribution and ranked them in “tiers” based on their expected ability to36

accurately predict presence, distribution, or density in a spatially and temporally explicit37

manner. Tiers include:38
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 Habitat-based density models, which allow fine-scale predictions of density1

(individuals per 10 or 25 km2) throughout a survey region using regression-based2

models that relate habitat variables to species encounter rates and group sizes;3

 Stratified density models, which assume uniform animal density within each4

stratum (area), for which boundaries are determined based on survey coverage,5

the number of sightings, and prior knowledge of cetacean distribution and6

habitats;7

 Probability of occurrence models, which indicate areas where a species is likely8

to occur based on statistical models that relate habitat variables to the9

presence/absence of a species, but do not provide absolute density estimates;10

 Records of presence, which include visual observations, acoustic detections, or11

satellite tagging indicators; and12

 Expert knowledge, which reflects a lack of spatio-temporally explicit data for a13

species, but indicates if a species is believed to be present or likely absent by14

regional experts.15

A more detailed description of the information tiers, as well as the factors considered in16

evaluating them and deciding which data should be included in any given model, are17

available at the Cetacean Sound webpage.18

The cetacean data availability assessment has fulfilled the following objectives:19

 Identified and compiled existing cetacean density models, some of which were20

not previously available to the public;21

 Identified and compiled existing indicators of cetacean presence, including visual22

observations, acoustic detections, and satellite tagging data, some of which were23

not previously available to the public, and several of which expand the known24

range of certain species; and25

 Organized the available modeling results and data in a manner that allows the26

user to quickly identify what type of data is available for a species/region/month27

and where data gaps exist.28

The Cetacean Data Availability page shows the available information for each29

species/region/month, and also serves as the link to the downloadable products.30

For the density modeling task, CetMap identified and undertook two key modeling31

efforts to meaningfully improve the understanding of cetacean density and distribution in32

the U.S. EEZ in several key U.S. areas, including the Beaufort and Chukchi Seas,33

Atlantic coast, Gulf of Mexico, and U.S. west coast. Of relevance to California, CetMap34

is presently working with NOAA’s Southwest Regional Office to showcase an effort that35

uses shore-based visual sighting data for grey whales along the U.S. west coast,36

combined with their swim speed, to model the estimated location and density of the37

majority of migrating gray whales on any date within the migration period. A summary of38
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this west coast gray whale model and the associated products can be viewed on the1

CetMap webpage.2

For the mapping and product accessibility task, select CetMap members affiliated with3

Duke University’s Marine Geospatial Ecology Lab have created standardized GIS files4

for the new modeling results produced by the CetMap, as well as for several existing5

model results compiled for this effort, but for which GIS maps had not previously been6

generated.7
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4.0 TURTLES1

4.1 Life History2

Sea turtles use a broad range of marine habitats depending upon their developmental3

stage. They spend most of their lives at sea, with only limited excursions on land during4

those periods where they return to natal beaches for egg deposition, and following5

hatching. Once hatchlings reach the sea, they are pelagic, moving primarily with ocean6

currents. After a period of years, which varies both among species and within7

populations, a critical ontogenetic habitat shift occurs whereby most sea turtles actively8

recruit to a demersal, neritic habitat and are considered juveniles. Finally, upon reaching9

maturity, all sea turtles maintain a discrete foraging area which frequently overlaps with10

the area occupied by juveniles (Bolton 2003).11

4.2 Overview of Sea Turtle Hearing12

Few studies have examined the role acoustic cues play in the ecology of sea turtles13

(Mrosovsky 1972; Samuel et al. 2005; Nunny et al. 2008). It has been suggested that14

sea turtles use sound to navigate, locate prey, avoid predators, and sense their15

environment (Piniak et al. 2011). There is evidence that sea turtles may use sound to16

communicate; the few vocalizations described for sea turtles are restricted to the17

“grunts” of nesting females. These sounds are low-frequency and relatively loud, thus18

leading to speculation that nesting females use sounds to communicate with19

conspecifics (Mrosovsky 1972).20

While little is known regarding the extent to which sea turtles use acoustic cues to21

sense and monitor their environment, it is recognized that a turtle’s ambient and passive22

acoustic environment changes with each ontogenetic habitat shift. In the inshore23

environment where juvenile and adult sea turtles generally reside, the ambient24

environment is noisier than the open ocean environment of the hatchlings; this inshore25

environment is dominated by low-frequency sound (Hawkins and Myrberg 1983). In26

areas with high levels of vessel traffic, low-frequency noise from shipping, recreational27

boating, and seismic surveys compound the potential for acoustic impact (Hildebrand28

2005).29

4.3 Morphology30

A majority of the research conducted on sea turtle hearing has been restricted to gross31

morphological dissections (e.g., Wever 1978; Lenhardt et al. 1985). Moein (1994) notes32

several important components of the turtle ear, identified in Figure H-6:33

 Tympanum – a continuation of the facial tissue; distinguishable only by34

palpitation of the area.35

 Subtympanal fat – lying beneath the tympanum, this thick fat layer distinguishes36

sea turtles from both terrestrial and semi-aquatic turtles. Ketten et al. (1999)37
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suggests that this layer of fat is similar to the fats found in the jaws of odontocete1

whales, and functions as a low-impedance channel for sounds to the ear.2

 Middle ear cavity – lying posterior to the tympanum, it is connected to the throat3

by the eustachian (Wever 1978; Lenhardt et al. 1985). The middle ear is small4

and encased by bone.5

 Extracolumella and Columella – these two structures comprise the ossicular6

mechanism. The extracolumella is a cartilaginous disk under the tympanic7

membrane attached to the columella by ligaments. The columella, or stapes,8

consists of a long rod with the majority of its mass concentrated at each end. The9

columella extends medially from the middle ear cavity through a narrow bony10

channel and expands within the oval window to form a funnel shaped end.11

Figure H-6. Middle Ear Anatomy of the Juvenile Loggerhead Sea Turtle

(From: Moein 1994)

12

13

The columella is free to move only longitudinally within this channel so when the14

tympanum is depressed directly above the middle of the extracolumella, the columella15

moves readily in and out of the oval window, without any flexion of the columella. The16

stapes and oval window are connected to the saccular wall by fibrous strands. It is17

thought that these stapedo-saccular strands relay vibrational energy of the stapes to the18

saccule (Wever and Vernon 1956; Wever 1978; Lenhardt et al. 1985).19
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For semi-aquatic turtles, the columella is the main pathway for sound input to the inner1

ear; when the columella is clipped while leaving the tympanum intact, the animal2

displayed an extreme decrease of sensitivity of hearing (Wever and Vernon 1956).3

The auditory sense organ within the inner ear of the sea turtle cochlea is the basilar4

papilla (basilar membrane). This membrane is large and composed of dense connective5

tissue in sea turtles (rather than a thin basilar membrane found in terrestrial turtles)6

(Wever 1978; Hetherington 2008). This basilar papilla is positioned opposite the round7

window and lies within the pathway of fluid displacement due to columella motion. In8

most reptiles, and presumably in sea turtles as well, the tectorial membrane lays over9

the hair cells of the basilar papilla. For sea turtles, the innervations of the hair cells may10

be accomplished through the movement of the overlying tectorial membrane rather than11

the movement of the papillae (Hetherington 2008).12

As summarized by Bartol (2012), sea turtles are thought to receive sound through the13

standard vertebrate tympanic middle ear path. However, an important distinction is14

made when comparing the functional morphology of the middle ear of terrestrial15

vertebrates and sea turtles. In terrestrial vertebrates, the middle ear is an impedance16

transformer between sound in air (environment) and sound in fluid (inner ear). This17

impedance mismatch can be overcome by having a high convergence ratio between the18

tympanic membrane and oval window (thus amplifying the force acting on the inner ear)19

and by having a multiple bone ossicular mechanism that acts as a lever system to20

amplify force. The convergence ratio of the tympanic membrane to oval window in sea21

turtles is reported to be lower than other semi-aquatic turtles (Lenhardt et al. 1985), and22

sea turtles lack an osscicular mechanism that acts as a lever (having only a single23

straight columella). Thus, the sea turtle ear appears to be a poor receptor for aerial24

sounds. However, this ear is well adapted to water conduction sound. The dense layer25

of fat under the tympanum acts as a low-impedance channel for underwater sound,26

similar to that pathway found in odontocetes (Ketten et al. 1999). Furthermore, the27

retention of air in the middle ear of these sea turtles suggests that they are able to28

detect sound pressures.29

Lenhardt et al. (1983) also identifies the potential for bone-conducting hearing in30

loggerhead and Kemp’s ridley turtles, noting that both the skull and shell act as31

receiving surfaces. The ability to recognize bone-conducted sound was implicated in the32

reception of low-frequency sounds from natal beaches and may serve as one of the33

cues in nesting returns.34

4.4 Sea Turtle Hearing35

The characterization of sea turtle hearing can be broadly organized into two study types36

– measurements of the electrophysiological responses to sound exposure and37

observations of the behavioral responses to sound exposure. The following summaries38

have been derived from a recent synthesis effort completed by Bartol (2012).39
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4.4.1 Electrophysiological Response to Sound1

Electrophysiological studies on hearing have been conducted on juvenile green turtles2

(Chelonia mydas) (Ridgway et al. 1969; Bartol and Ketten 2006), juvenile Kemp’s ridley3

turtles (Lepidochelys kempii) (Bartol and Ketten 2006), juvenile loggerhead turtles4

(Caretta caretta) (Bartol et al. 1999; Lavender et al. 2010, 2011a,b), and hawksbill5

turtles (Eretmochelys imbricata) (Yudhana et al. 2010a). Kemp’s ridley is a congener for6

the olive ridley (Lepidochelys olivacea) found in California waters. Electrophysiological7

responses, specifically auditory evoked potentials (AEPs), are the most widely accepted8

technique for measuring hearing in situations in which normal behavioral testing is9

impractical. Auditory brainstem response (ABR) measurements of sea turtles exposed10

to sound have also been reported.11

AEPs reflect the synchronous discharge of large populations of neurons within the12

auditory pathway and, thus, are useful monitors of the functioning of the throughput of13

the auditory system. Most AEP research has concentrated on the use of responses14

occurring within the first 10 milliseconds (ms) following presentation of click or brief tone15

burst stimuli. This response has been termed the ABR and consists of a series of five to16

seven patterned and identifiable waves. AEP measurements are noninvasive and can17

be performed on conscious subject animals (Bullock 1981; Corwin et al. 1982).18

Ridgway et al. (1969) measured auditory cochlear potentials of green turtles using both19

aerial and vibrational stimuli. Thresholds were not measured; instead, cochlear20

response curves of 0.1 µV (microvolts) potential were plotted for frequencies ranging21

from 50 to 2,000 Hz. Green turtles detect a limited frequency range (200 to 700 Hz) with22

best sensitivity at the low tone region of about 400 Hz. Though this investigation23

examined two separate modes of sound reception (i.e., air and bone conduction),24

sensitivity curves were relatively similar, suggesting that the inner ear is the main25

structure for determining frequency sensitivity.26

Bartol et al. (1999) collected ABRs from juvenile loggerhead turtles to measure27

electrophysiological responses to sound stimuli. Thresholds were recorded for both28

tonal and click stimuli. Best sensitivity was found in the low-frequency region of 250 to29

1,000 Hz. The decline in sensitivity was rapid after 1,000 Hz, and the most sensitive30

threshold tested was at 250 Hz.31

Bartol and Ketten (2006) collected underwater ABRs from hatchling and juvenile32

loggerhead and juvenile green turtles. For these experiments, the speaker was33

suspended in air while the turtle’s tympanum remained submerged underwater. All34

turtles tested responded to sounds in the low-frequency range, from at least 100 Hz35

(lowest frequency tested) to no greater than 900 Hz. Interestingly, the smallest turtles36

tested, hatchling loggerheads, had the greatest range of hearing (100 to 900 Hz) while37

the larger juveniles responded to a much narrower range (100 to 400 Hz). Hearing38

sensitivity of green turtles also varied with size; smaller greens had a broader range of39

hearing (100 to 800 Hz) than that detected in larger subjects (100 to 500 Hz).40
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Lavender et al. (2010, 2011a,b) have recorded underwater AEPs for loggerhead turtles,1

with ages ranging from yearlings to subadults, using an underwater speaker as the2

sound source. Loggerheads were found to respond to frequencies between 50 and3

1,000 Hz.4

ABR measurements of hawksbill turtles were reported by Yudhana et al. (2010a). Best5

response in the two test subjects occurred between 50 and 500 Hz.6

4.4.2 Behavioral Responses to Sound7

Multiple studies have attempted to examine the behavioral responses of juvenile8

loggerheads to sound in their natural environment, both in controlled settings (O’Hara9

and Wilcox 1990; Moein et al. 1995; McCauley et al. 2000; Lavender et al. 2011a) and10

as observed in situ (Holst et al. 2007; Weir 2007; DeRuitter and Doukara 2010).11

Behavioral audiograms have been collected from multiple size classes of loggerhead12

turtles (Lavender et al. 2011b). Behavioral audiograms require the animal to perform a13

task in the presence of auditory stimuli. Though time consuming, behavioral audiograms14

are a more sensitive measure of hearing threshold than electrophysiological responses15

and ascribe a critical behavioral component to hearing trials.16

Lavender et al. (2011a) recorded audiograms using a two-response, forced-choice17

approach, whereby the turtles were required to vary behavior according to presence or18

absence of sound, permitting a behavioral measure of acoustic sensitivity. Lavender19

et al. (2011b) found that while loggerheads respond to similar frequencies as previous20

studies (50 to 1,000 Hz), their threshold levels are actually more sensitive than reported21

using electrophysiological methods.22

Several sea turtle behavioral studies have been initiated to assist in the development of23

an acoustic repelling device for sea turtles. O’Hara and Wilcox (1990) attempted to24

create a sound barrier for loggerhead turtles at the end of a canal using seismic airguns.25

The test results indicated that airguns were effective as a deterrent for a distance of26

about 30 m when the sound output of this system was approximately 220 dB re 1 Pa at27

1 m in the 25 to 1,000 Hz range. However, this study did not account for the reflection of28

sound by the canal walls, and the stimulus frequency and intensity levels are29

ambiguous.30

Moein et al. (1995) investigated the use of airguns to repel juvenile loggerhead turtles31

from hopper dredges. A net enclosure was erected in the York River, Virginia to contain32

the turtles, and an airgun was stationed at each end of the net. Sound frequencies of33

the airguns ranged from 100 to 1,000 Hz at three decibel levels (175, 177, and 179 dB34

re 1 Pa at 1 m). Avoidance of the airguns was observed upon first exposure. However,35

after three separate exposures to the airguns, the turtles habituated to the stimuli.36

McCauley et al. (2000) examined the response of sea turtles (one green and one37

loggerhead turtle) to an airgun signal. For these trials, the turtles were placed in cages,38

and behavior was monitored as a single airgun approached and departed. During these39
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trials, the turtles showed a noticeable increase in swimming behavior when the airgun1

level was above 166 dB re 1 Pa at 1 m and became erratic and increasingly agitated2

above 175 dB. Because these animals were caged, avoidance behavior could not be3

monitored. However, the researchers speculated that avoidance would occur at 175 dB4

re 1 Pa at 1 m, the point at which the animals were acutely agitated (McCauley et al.5

2000).6

Researchers have also attempted to monitor sea turtle avoidance to sound during an7

active seismic survey (Weir 2007; DeRuiter and Doukara 2010). Weir (2007) observed8

240 animals during a 10-month seismic survey off the coast of Angola. Behaviors were9

recorded at time of first sighting and as the vessel and towed equipment moved in10

relation to the turtle. Fewer turtles were observed near the airguns as they were firing11

(as opposed to the “gun-off” state). However, the source of agitation for the turtle could12

not be identified; the turtle could have reacted to the ship and towed equipment rather13

than specifically to the airgun (Weir 2007).14

DeRuiter and Doukara (2010) observed turtles during active operation of an airgun15

array as well and found a startle response (rapid dive) to the airgun. However, again,16

these authors could not distinguish the stimulus source of the startle response as they17

did not perform a control with the airguns off.18

4.4.3 Summary of Sea Turtle Hearing19

Sea turtles are low-frequency hearing specialists, typically hearing frequencies from20

30 to 2,000 Hz, with a range of maximum sensitivity between 100 and 800 Hz (Bartol21

and Ketten 2006; Bartol et al. 1999; Lenhardt 1994; Ridgway et al. 1969). Hearing22

below 80 Hz is less sensitive but may be important biologically (Lenhardt 1994). By23

species, hearing characteristics of sea turtles which may be present in California waters24

include:25

 Green sea turtles: greatest sensitivities are 300 to 400 Hz (Ridgway et al. 1969);26

juveniles and sub-adults detect sounds from 100 to 500 Hz underwater, with27

maximum sensitivity at 200 and 400 Hz (Bartol and Ketten 2006) or between28

50 and 400 Hz (Dow et al. 2008); peak response at 300 Hz (Yudhana et al.29

2010b);30

 Loggerhead sea turtle: greatest sensitivities approximately 250 Hz or below for31

juveniles, with the range of effective hearing from at least 250 to 750 Hz (Bartol32

et al. 1999);33

 Olive ridley sea turtles: juveniles of a congener (Kemp’s ridley) found to detect34

underwater sounds from 100 to 500 Hz, with a maximum sensitivity between35

100 and 200 Hz (Bartol and Ketten 2006); similar functional hearing capabilities36

are assumed;37

 Hawksbill sea turtles: greatest sensitivities at 50 to 500 Hz (Yudhana et al.38

2010a); and39
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 Leatherback sea turtles: a lack of audiometric information noted; anatomy1

suggests hearing capabilities similar to other sea turtles, with functional hearing2

assumed to be 10 to 2,000 Hz.3

4.5 Effects of Anthropogenic Noise4

Sounds have the potential to impact a sea turtle in several ways: trauma to hearing5

(temporary or permanent), trauma to non-hearing tissue (barotraumas), alteration of6

behavior, and masking of biologically significant sounds (McCarthy 2004).7

Hearing damage is usually categorized as either a temporary or permanent injury. TTSs8

are recoverable injuries to the hearing structure and can vary in intensity and duration.9

Normal hearing abilities return over time; however, animals often lack the ability to10

detect prey and predators and assess their environment during the recovery period. In11

contrast, PTSs constitute a permanent loss of hearing through loss of sensory hair cells12

(Clark 1991). Few studies have looked at hair cell damage in reptiles, and it is still13

unknown if sea turtles are able to regenerate hair cells (Warchol 2011). There are14

almost no data on the effects of intense sounds on marine turtles and, thus, it is difficult15

to predict the level of damage to hearing structures. Clear avoidance reactions to16

seismic signals at levels between 166 and 179 dB re 1 µPa have been observed (Moein17

et al. 1995; McCauley et al. 2000); however, both of these studies were done in a caged18

environment, so the extent of avoidance could not be monitored. Moein et al. (1995) did19

observe a habituation effect to the airguns; the animals stopped responding to the20

signal after three presentations. This lack of behavioral response could be a result of21

TTS or PTS.22

Anthropogenic noise even below levels which may cause injury has the potential to23

mask relevant sounds in the environment. Masking sounds can interfere with the24

acquisition of prey, affect the ability to locate a mate, diminish the ability to avoid25

predators, and, particularly in the case of sea turtles, adversely affect the ability to26

properly identify an appropriate nesting site (Nunny et al. 2008). Sea turtles appear to27

be low-frequency specialists and, thus, the potential masking noises would fall within at28

least 50 to 1,000 Hz. These maskers could have diverse origins, ranging from natural to29

anthropogenic sounds (Hildebrand 2005). There are no quantitative data demonstrating30

masking effects for sea turtles.31

4.6 Effects of Noise Exposure from Low Energy Geophysical Survey32

Equipment33

No studies have been identified which address the effects of low energy geophysical34

equipment noise on sea turtles. NSF (2011), in its analysis of research-based35

oceanographic survey equipment (i.e., subbottom profiler, multibeam echosounder,36

pingers, and acoustic current profiler) determined that significant impacts to sea turtles37

through masking, disturbance, or hearing impairment would not be expected to occur.38

Mitigating factors supporting this determination include equipment frequencies well39

above the optimal hearing range of sea turtles, low source levels, the directional and40
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narrow-beam characteristics of the acoustic signals, and/or brief signal duration and1

exposure periods.2

4.7 Noise Exposure Criteria3

There currently are no noise exposure criteria for sea turtles. NMFS has, however,4

implemented de facto use of the marine mammal exposure protocols when addressing5

impacts and implementing mitigation for sea turtles. NMFS has established the following6

SPL criteria for marine mammals:7

 Injury, cetaceans: 180 dB re 1 µPa rms for impulsive sound, cetaceans;8

 Behavioral response, all marine mammals: 160 dB re 1 µPa rms for impulsive9

sound; and10

 Behavioral response, all marine mammals: 120 dB re 1 µPa rrms for continuous11

(non-impulsive) sound.12

Currently, there are no SEL thresholds in place for sea turtles.13

4.8 Assessment of Hearing Information for Sea Turtle Species Present in14

California Waters15

Five sea turtle species have been documented in California waters (Table H-9).16

Table H-9. Sea Turtles of California, including Summary Life History Information17

and Hearing Sensitivities18

Taxonomic
Classification and

Common Name
Scientific Name Status Presence, Habitat, and Diet Hearing

Family: Cheloniidae

Loggerhead sea turtle Caretta caretta Ea

Rare in CA; occupies three different
habitats – oceanic, neritic, and

terrestrial (nesting only), depending
upon life stage; omnivorous

Low-
frequencies

(optimal:
250 to 750 Hz)

Green sea turtle Chelonia mydas E

Common In CA; resident populations

in San Diego County; aquatic, but
known to bask onshore; juvenile
distribution unknown; omnivorous

Low-

frequencies
(optimal:

200 to 400 Hz)

Pacific hawksbill sea turtle
Eretmochelys

imbricata bissa
E

Rare in CA; pelagic; feeding changes
from pelagic surface feeding to

benthic, reef-associated feeding mode;
opportunistic diet

Low-
frequencies

(optimal:
50 to 500 Hz)

Olive ridley sea turtle
Lepidochelys

olivacea
Tb

Rare in CA; primarily pelagic, but may

inhabit coastal areas, including bays
and estuaries. Most breed annually,
with annual migration (pelagic

foraging, to coastal breeding/nesting
grounds, back to pelagic foraging);
omnivorous, benthic feeder

Low-
frequencies

(optimal:

100 to 200 Hz;
congener)
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Taxonomic
Classification and

Common Name
Scientific Name Status Presence, Habitat, and Diet Hearing

Family: Dermochelyidae

Pacific leatherback sea
turtle

Dermochelys
coriacea

E

Frequent in CA; pelagic, living in the
open ocean and occasionally entering

shallower water (bays, estuaries);
omnivorous (jellyfish; other
invertebrates, vertebrates, kelp, algae)

Low-
frequencies
(estimated:

10 to 2,000 Hz)

a North Pacific Ocean Distinct Population Segment (DPS); b coastal Mexico population endangered;1
threatened elsewhere.2

Status (under FESA): E = endangered; T = threatened.3

Green and leatherback sea turtles are the most likely species to be present offshore4

California, with loggerheads, hawksbill, and olive ridley sea turtle presence considered5

to be rare.6

As noted previously, sea turtles are low-frequency hearing specialists. Typically hearing7

frequencies are in the range of 30 to 2,000 Hz, with best hearing sensitivities varying by8

species.9
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5.0 FISHES1

5.1 Overview2

The effects of anthropogenic sound on fishes have been summarized by several3

authors, including Popper (2003), Hastings (2008), Popper and Hastings (2009a,b),4

Slabbekoorn et al. (2010), and Popper and Hawkins (2011). Popper (2012) has also5

recently prepared a summary of fish hearing and sound-related impacts.6

Popper (2012) initiated his hearing summary with the following definitions:7

 Injury: any effect on the physiology of the animal that leads to immediate or8

potential death. Behavioral effects, such as moving from a site of feeding, would9

not be considered an injury.10

 Fish: generally refers to three groups of vertebrates: (a) Agnatha or jawless11

vertebrates; (b) cartilaginous fishes (sharks, rays); and (c) bony fishes. Nelson12

(2006) provides a complete review of fishes and their evolutionary relationships;13

more than 32,000 known living fish species have been documented.14

5.2 Overview of Bioacoustics15

Sound plays a major role in the lives of all fishes (e.g., Zelick et al. 1999; Fay and16

Popper 2000). Fishes acquire information about biotic (living) and abiotic17

(environmental) sources via sound and sound interpretation (Fay and Popper 2000;18

Popper et al. 2003; Fay 2005; Slabbekoorn et al. 2010).19

In addition to listening to their environment, many bony fishes species use sound to20

communicate. Anthropogenic sound may interfere with normal behavior of fishes and21

has the potential to adversely affect the survival of individuals and/or populations.22

Detailed discussions of fish bioacoustics can be found in Webb et al. (2008), Fay and23

Megela-Simmons (1999), Zelick et al. (1999), and Popper et al. (2003). A broad24

discussion of interactions of anthropogenic sounds and fishes can be found in Popper25

and Hastings (2009a,b) and Popper and Hawkins (2011).26

Cartilagenous fishes do not utilize sound for communication. Popper (2012) notes that27

virtually nothing is known about effects of human-generated sound on cartilaginous28

fishes, but there is concern about potential effects since these animals are integral to29

the ecosystem in many parts of the marine environment (Casper et al. 2011a).30

5.3 The Fish Ear31

The fundamental structure for hearing by fishes is the inner ear, as summarized by32

Popper (2012). The inner ear has three otolith organs – the saccule, lagena, and utricle33

– each containing a dense structure, the otolith. The otolith lies in close proximity to a34

sensory surface – the sensory epithelium. Each epithelium contains sensory hair cells35

that are very similar to those found in the mammalian ear. On their top surfaces,36

sensory hair cells have hair-like projections (cilia) that bend when the epithelium and37
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otolith move out of phase from one another (i.e., when sound stimulates the ear). The1

sensory cells respond physiologically to the bending of the cilia and send signals on to2

the brain.3

5.4 Hearing Sensitivity4

Per Popper (2012), hearing thresholds have been determined for approximately 100 fish5

species. Data on hearing thresholds for fishes can be found in Fay (1988), Popper et al.6

(2003), Ladich and Popper (2004), Nedwell et al. (2004), Ramcharitar et al. (2006), and7

Popper and Schilt (2008). Available data indicate that fishes cannot hear sounds above8

approximately 3 to 4 kHz, with the majority of species only able to detect sounds to 19

kHz or below; however, several fish genera in the family Clupeidae can hear10

frequencies greater than 120 kHz but with limited sensitivity. Recent studies have11

demonstrated that some species can detect sounds below 50 Hz (i.e., infrasound), but it12

remains unclear as to whether these sounds are sensed by the ear or via the lateral line13

(Karlsen 1992; Knudsen et al. 1994; Popper 2012).14

There have been a limited number of studies on cartilaginous fishes, with results15

suggesting that they detect sounds to no more than 600 or 800 Hz (e.g., Myrberg et al.16

1976; Myrberg 2001; Casper et al. 2003; Casper and Mann 2006). Available data17

suggest that the majority of marine species do not have specializations to enhance18

hearing, probably relying on both particle motion and sound pressure for hearing.19

Hearing capabilities vary considerably between different bony fish species (Figure H-7;20

Table H-10).21

Figure H-7. Audiograms for Select Bony Fishes (From: Popper 2012)
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Table H-10. Marine Fishes Hearing Sensitivity, by Family, with Representative California Marine Species1

Family
Common Name of

Taxa

Highest
Frequency

Detected
(Hz)

Hearing

Category
Reference California Marine Species Notes

Asceripensidae Sturgeon 800 2
Lovell et al. 2005;
Meyer et al. 2010

Green sturgeon
Several different species tested.

Relatively poor sensitivity

Anguillidae Eels 300 2 Jerkø et al. 1989 N/A Poor sensitivity

Batrachoididae Toadfishes 400 2
Fish and Offutt 1972;

Vasconcelos and
Ladich 2008

Plainfin midshipman

Clupeidae

Shad, menhden >120,000 4
Mann et al. 1997,

2001
Pacific herring, Pacific sardine

Ultrasound detecting, but
sensitivity relatively poor

Anchovy, sardines,

herrings
4,000 4 Mann et al. 2001 Northern Anchovy

Not detect ultrasound, and

relativley poor sensitivitiy

Chondrichthyes
[Class]

Rays, sharks, skates 1,000 1 Casper et al. 2003
California skate, Longnose

skate, Spiny dogfish
Low-frequency hearing, not very

sensitive to sound

Gadidae

Atlantic cod, haddock,

pollack, hake
500 2

Chapman and
Hawkins 1973; Sand

and Karlsen 1986
Hundred-fathom codling

Probably detect infrasound
(below 40 Hz).

Best hearing 100 to 300 Hz

Grenadiers 3? Deng et al. 2011 Giant grenadier, California rattail

Deep sea, highly specialized ear
structures suggesting good

hearing, but no measures of
hearing

Gobidae Gobies 400 1 or 2 Lu and Xu 2009
Bluebanded goby, blackeye

goby

Labridae Wrasses 1,300 2
Tavolga and

Wodinksy 1963
Senorita, California sheepshead

Lutjanidae Snappers 1,000 2
Tavolga and

Wodinksy 1963
N/A

Malacanthidae Tilefish 2 NA Ocean whitefish No data

Moronidae Striped bass 1,000 2
Ramcharitar
unpublished

N/A

Pomacentridae Damselfish
1,500 to

2,000
2

Myrberg and Spires

1980
Blacksmith

Pomadasyidae Grunts 1,000 2
Tavolga and

Wodinsky 1963
Salema, Sargo
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Family
Common Name of

Taxa

Highest
Frequency
Detected

(Hz)

Hearing
Category

Reference California Marine Species Notes

Polyprionidae Wreckfish 2 NA Giant sea bass No data

Sciaenidae

Drums, weakfish,
croakers

1,000 2
Ramcharitar et al.

2006
White seabass, Queenfish Hear poorly

Silver perch 3,000 3
Ramcharitar et al.

2004, 2006
N/A

Serranidae Groupers 2 NA Kelp bass, barred sand bass No data

Scombridae

Yellowfin tuna 1,100 2 Iversen 1967 Yellowfin tuna With swim bladder

Tuna 1,000 1 Iversen 1969 Pacific bonito Without swim bladder

Bluefin tuna 1,000 2 Song et al. 2006 Bluefin tuna Based only on ear anatomy

Source: Popper (2012), as compiled from Fay (1988) and Nedwell et al. (2004).1



Scientific Review

July 2013 H-56 Low Energy Offshore Geophysical Permit
Program Update MND

There is no clear correlation between hearing capability and environment. There is also1

broad variability in hearing capabilities within fish groups. Table H-10 also identifies2

representative fish species, by phylogenetic group (e.g., families or class), that occur in3

California waters. Only four of the 17 groups noted do not have representative California4

fish species and corresponding hearing data.5

Table H-10 identifies the highest frequency measurements for fish hearing, but does not6

identify the lowest frequencies heard. Popper (2012) notes that low-frequency hearing is7

often a function of the equipment used in a study and not what the fish actually hears.8

Fishes hear below 100 Hz, and there are some species studied (e.g., cod, salmon,9

plaice) where fishes have been shown to respond to sounds below 40 Hz.10

Species within a group may differ substantially in terms of their hearing structures. For11

example, tuna species may or may not have a swim bladder, the latter of which is12

involved in pressure detection. While the hearing range of species with and without13

swim bladders is quite similar, it is likely that the sensitivity is poorer in the species14

without this structure (Popper 2012).15

Fish groups have been categorized based on hearing capability by Popper (2012), as16

follows:17

 Group 1: Fishes that do not have a swim bladder; these fishes are likely to use18

only particle motion for sound detection. The highest frequency of hearing is19

likely to be no greater than 400 Hz, with poor sensitivity compared to fishes with20

a swim bladder. Fishes within this group include flatfish, some gobies, some21

tunas, and all sharks and rays and their relatives.22

 Group 2: Fishes that detect sounds from below 50 Hz to perhaps 800 to23

1,000 Hz, although several are predicted to only detect sounds to 600 to 800 Hz.24

These fishes have a swim bladder but no known structures in the auditory25

system that would enhance hearing; hearing sensitivity is limited. These species26

detect both particle motion and pressure, and the differences between species27

are related to how well the species can use the pressure signal. A wide range of28

species fall into this category, including tuna with swim bladders, sturgeons, and29

salmonids, among others.30

 Group 3: Fishes that have some kind of structure that mechanically couples the31

inner ear to the swim bladder (or other gas bubble), thereby resulting in detection32

of a wider bandwidth of sounds and lower intensities than fishes in other groups.33

These fishes detect sounds to 3,000 Hz or more, and their hearing sensitivity,34

which is pressure driven, is better than in fishes of Groups 1 and 2. There are not35

many marine species known to fit within Group 3, but this group may include36

some species of sciaenids (Ramcharitar et al. 2006). It is also possible that a37

number of deep sea species fall within this category, based on morphology of the38

auditory system (e.g., Popper 1980; Deng et al. 2011). Other members of this39
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group would include all of the Otophysan fishes, though few of these species1

other than catfishes are found in marine waters.2

 Group 4: All of these fishes are members of the herring family and relatives3

(Clupeiformes). Their hearing below 1,000 Hz is generally similar to fishes in4

Group 1, but their hearing range extends to at least 4,000 Hz (e.g., sardine), and5

some species (e.g., American shad) are able to detect sounds to over 180 kHz6

(Mann et al. 2001).7

To gain a full understanding of the effects of sound on fishes, it may be necessary to8

measure or estimate particle motion. Based on outcomes from a recent hydroacoustic9

workshop for fish and invertebrates hosted by the Bureau of Ocean Energy10

Management (BOEM), and other efforts (e.g., CEF Consultants Ltd. 2011; Worchester11

2006), particle motion may be a more appropriate metric to assess the potential impact12

of noise exposure for many fish species. Key studies addressing species- or13

group-specific particle motion include Popper et al. (2003), Horodysky et al. (2008),14

Popper and Fay (2011), and Zeddies et al. (2011, 2012).15

5.5 Anthropogenic Sound Effects on Fishes16

Anthropogenic sound effects may include behavioral effects, masking, physiological17

effects, and, in extreme cases, mortality (Popper and Hastings 2009b; Popper and18

Løkkeborg 2008). Fish response to sound may occur in several sequential and19

progressive steps, per Popper (2012):20

1) Fishes do not hear the sound – the sound is too low and/or is masked.21

2) The sound is at a higher level detectable to the fish, but it is sufficiently low that22

the sound is dismissed as not being biologically relevant or important.23

3) The sound is somewhat higher than threshold, but the fish cannot discriminate it24

from ambient sounds and does not respond (e.g., informational masking).25

4) The sound is clearly audible to the fish and recognizable, but the fish does not26

respond, or makes an initial, small response (e.g., startle), then returns to normal27

behavior. After multiple presentations of the sound, the fish may determine that28

the sound is not biologically important; the fish habituates and no longer shows a29

startle response.30

5) Sound is even louder, and the fish recognizes it as something that may be31

biologically relevant and may change behavior (e.g., swim away or change32

swimming course). When the sound ends or after the fish habituates to the33

sound, the fish returns to normal behavior.34

6) The fish may totally avoid the very loudest signals if those sounds are perceived35

as being potentially harmful; fish may permanently change location or migratory36

pattern.37
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5.5.1 Behavioral Effects1

Popper (2012) notes several points pertinent to behavioral responses to sound, and2

emphasizes the variability in the type of sound-induced response among fishes:3

1) Context of sound exposure: Fish vary in their response to sound, depending4

upon the context of the exposure and other factors (e.g., activity at time of5

exposure; prior habituation, etc.).6

2) Variability in response: Responses of animals vary widely (see review by Brumm7

and Slabbekoorn 2005). These may include movement from the area of8

maximum sound level, as shown for several fish species (Engås et al. 1996;9

Slotte et al. 2004), to changing the intensity of calls so they can be heard over10

the background sounds (Bee and Swanson 2007) or changing the spectrum of11

the emitted sounds so they are no longer masked, as has been shown in a12

variety of species (Brumm and Slabbekoorn 2005; Dooling et al. 2009; Parris et13

al. 2009; Laiolo 2010; Slabbekoorn et al. 2010).14

3) Thresholds: Sounds generally have to be well above the minimal detectable level15

in order to elicit behavioral responses.16

Doksaeter et al. (2009) showed no responses of free-swimming herring (Clupea) when17

exposed to naval sonars. Similarly, sounds at the same received level that had been18

produced by major predators of the herring (killer whales) elicited strong flight19

responses. Sonar sound levels received by the fishes ranged from 197 to 209 dB re 120

µPa rms at 1 to 2 kHz. The hearing threshold for herring is approximately 125 to21

135 dB re 1 µPa (Mann et al. 2005); fishes exposed to sonar showed no reactions to a22

sound that is biologically irrelevant at a level that was 84 dB above the herring hearing23

threshold. Other key references regarding impacts of sonars on fishes include24

Kvadsheim and Sevaldsen (2005), Halvorsen et al. (2006, 2012), and Kane et al.25

(2010).26

Fewtrell and McCauley (2012) used various species of captive marine fish and one 27

species of squid, exposing each species to the noise from a single airgun. Six trials28

were conducted off the coast of Western Australia with each trial using a different noise29

exposure regime. Noise levels received by the animals ranged between 120 and 184 dB30

re 1 µPa2·s (SEL). Behavioral observations of the fish and squid were made before, 31

during, and after airgun noise exposure. Results indicate that as airgun noise levels32

increase, fish respond by moving to the bottom of the water column and swimming 33

faster in more tightly cohesive groups. Significant increases in alarm responses were 34

observed in fish and squid to airgun noise exceeding 147 to 151 dB re 1 µPa2·s (SEL).35

An increase in the occurrence of alarm responses was also observed as noise level36

increased.37
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5.5.2 Auditory Masking1

Masking is a key issue for potential effects of human-generated sound on all2

vertebrates, including fishes (reviewed in Fay and Megela-Simmons 1999; Popper et al.3

2003). Masking occurs when there are sounds in the environment that are in the same4

frequency range as the sound of biological relevance to the animal and/or within the5

hearing range of the fishes. Thus, if a fish has a particular threshold for a biologically6

relevant sound in a quiet environment and a background noise in the same frequency7

range is introduced, this will decrease the ability of the fish to detect the biologically8

relevant signal. In effect, the threshold for the biologically relevant signal will become9

poorer. Thus, if background noise increases, it may be harder for a fish to detect the10

biologically relevant sounds that it needs to survive. Specifically, if the ambient noise (or11

masker) is raised by 10 dB, the threshold of the fish will increase by about 10 dB in the12

frequency range of the masker. Reviews of auditory masking include Zelick et al. (1999)13

and Ramcharitar et al. (2006).14

Popper (2012) noted several studies where larval fishes may rely on natural, reef-based15

sounds for location and settling (e.g., Leis et al. 2003; Wright et al. 2005, 2011). These16

studies have suggested that if there is an increase in ambient (masking) noise, larval17

fish would be less likely to hear the sounds of the reef and, thus, less likely find a place18

to settle. Reef sounds could be produced by a variety of sources, including snapping19

shrimp, water moving over reefs, other fishes, etc. and would be subject to masking by20

anthropogenic sounds within the hearing range of fishes.21

5.5.3 Threshold Shifts22

Sound exposure can result in a temporary loss of hearing sensitivity (TTS). Recovery23

from TTS follows termination of the noise, allowing damage to the sensory cells of the24

inner ear to be repaired (Smith et al. 2006). Permanent hearing loss (PTS) is not known25

to occur in fishes due the ability of fishes to repair and regenerate the sensory cells of26

the ear (e.g., Lombarte et al. 1993; Smith et al. 2006).27

Data on TTS in fishes are reviewed in Popper and Hastings (2009b). Data suggest that28

TTS occurs after long-term exposure to sounds that are as high as 170 to29

180 dB re 1 µPa rms, but only in species that have specializations that result in their30

having relatively wide hearing bandwidths (to over 2 kHz) and lower hearing thresholds31

than fishes without specializations. For example, TTS of 10 to 20 dB has been32

demonstrated in goldfish (Carassius auratus) and lined Raphael catfish (Platydoras33

costatus) (e.g., Scholik and Yan 2002; Smith et al. 2004a, 2006; Wysocki and Ladich34

2005), but little or no TTS has been found in fishes such as cichlids, sunfishes, and35

perch (e.g., Scholik and Yan 2001; Amoser and Ladich 2003; Smith et al. 2004a,b;36

Wysocki and Ladich 2005). Moreover, studies of the effects of exposure to37

150 dB re 1 μPa rms (received level) for 9 months showed no effect on hearing or on 38

survival and growth of young rainbow trout (Oncorhynchus mykiss) (Wysocki et al.39
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2007). Significantly, in those species where TTS was found, hearing returned to normal1

starting well within 24 hours after the end of exposure (e.g., Smith et al. 2004b, 2006).2

While TTS is not as likely to be particularly relevant with regard to repetitive sound3

sources, concerns have still arisen that fishes may temporarily have impaired hearing4

as a result of exposure to loud sounds (e.g., Popper et al. 2005, 2007; reviewed in5

Popper and Hastings 2009b). Several studies show varying results, but overall, if TTS6

occurs as a result of exposure to loud sounds, it is not necessarily very great and7

recovery seems to be within 24 hours in most cases (Popper et al. 2005, 2007; Hastings8

et al. 2008; Hastings and Miskis-Olds 2011).9

The potential effects of TTS are similar to those of masking. If the hearing ability of an10

affected fish decreases, then the likelihood of detecting predators, prey, or mates (or a11

reef) decline, thus decreasing the potential fitness of the receiver until normal hearing12

returns (Popper 2012).13

5.5.4 Stress14

There have been few studies of sound-induced stress on fishes (e.g., Smith et al.15

2004b; Remage-Healey et al. 2006; Wysocki et al. 2006, 2007). Results of several16

studies suggest that physiological effects may occur among fishes, including changes in17

hormone levels and altered behavior (Pickering 1981; Smith et al. 2004a,b; Wysocki18

et al. 2007). Sverdrup et al. (1994) found that Atlantic salmon subjected to up to19

10 explosions to simulate seismic airguns released primary stress hormones,20

adrenaline and cortisol, as a biochemical response. There was no mortality. All21

experimental subjects returned to their normal physiological levels within 72 hours of22

exposure. Popper (2012) determined that the available information is too limited to23

adequately address the issue.24

5.5.5 Summary25

Data obtained to date on the effects of sound on fishes are very limited both in terms of26

the number of well-controlled studies and in the number of species tested. Moreover,27

there are significant limits in the range of data available for any particular type of sound28

source. While new data have become available on physiological effects of very intense29

pile driving (e.g., Casper et al. 2012a; Halvorsen et al. 2011, 2012a,b), these data are30

limited and can only be extrapolated to other sound sources and species with caution31

(Popper 2012). Comparable data are needed for other sound sources and other32

species. Further, the proper extrapolation of sound exposure findings from caged fishes33

to fish in the natural environment remains an issue.34

Popper and Hastings (2009) noted that select fish species, when exposed to certain35

sounds, may produce a range of effects. They caution, however, that extrapolation of36

these results to either other untested sound sources or fish species is problematic.37

A comprehensive understanding of the effects of various sound sources on all fish38

species remains undetermined.39
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5.6 Effects on Eggs and Larvae1

There have been a few studies on effects of sound on eggs and larvae, as recently2

reviewed by Popper and Hastings (2009b). Jørgensen et al. (2005) examined effects of3

high intensity pure tones from 1.5 to 6.5 kHz on the survival and behavior of larval and4

juvenile fishes of several species placed in small plastic bags. The study used herring5

(Clupea harengus) (standard lengths 2 to 5 centimeters [cm] [0.8 to .9 inches (in.)]),6

Atlantic cod (Gadus morhua) (standard length 2 to 6 cm [0.8 to 2.4 in.]), saithe7

(Pollachius virens) (4 cm [1.6 in.]), and spotted wolffish (Anarhichas minor) (4 cm8

[1.6 in.]) at different developmental stages. Both tissue pathology and survival were9

studied in response to sounds from 150 to 189 dB, and the only effects found were 20%10

to 30% mortality in one group of herring larvae at the highest sound levels. A lack of11

replication of exposure protocols in this experiment has been noted.12

Most recently, a group in the Netherlands exposed larvae of common sole (Solea solea)13

to simulated pile driving sounds in an apparatus that is very similar to that used by14

Halvorsen et al. (2011a,b) for larger fish (de Jong et al. 2011; Popper 2012). The larvae15

of different stages were exposed to sound with cSEL of up to 206 dB re 1 µPa2·s without16

any affect on fish mortality. There were no differences in mortality between fish17

exposed to the simulated pile driving sound and fish that served as controls. The18

authors did not, however, look at effects on fish tissue or larval growth, and it is possible19

that either or both of these would have shown an effect of sound exposure (Popper20

2012).21

5.7 Current Exposure Criteria22

Interim noise exposure criteria for fishes exist (Woodbury and Stadler 2008; Stadler and23

Woodbury 2009), based on concerns over the effects of pile driving. These criteria,24

established on the U.S. west coast, are for the onset of physiological effects (Popper et25

al. 2006; Carlson et al. 2007; Popper 2012). The current interim criteria4 are dual in26

nature, based on fish weight, and include:27

1) Physiological onset (fish 2 g/0.07 oz and above): 206 dB re 1 µPa (peak SPL), or28

187 dB re 1 µPa2·s (cSEL); and29

2) Physiological onset (fish <2 g/0.07 oz): 206 dB re 1 µPa (peak SPL), or 183 dB30

re 1 µPa2·s (cSEL).31

Behavioral criteria have also been implemented by NMFS (Caltrans 2009), however,32

behavioral studies are limited. Where data are available, observations have been33

conducted using caged fishes. Interpretation of study results remain problematic, with34

concerns as to whether the sound stimulus was the measured sound pressure or35

particle motion arising in complex tank acoustics.36

4 The original “interim criteria” was established at 208 dB re 1 µPa (peak SPL) based on Popper et al.

2006. It was revised to 206 dB re 1 µPa (peak SPL) in 2009 based on Stadler and Woodbury 2009.
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Popper (2012) notes that the current thresholds, particularly for cumulative exposure,1

may be too low. The inadequacy of the interim criteria has now been documented in a2

recent quantified study on the effects of pile driving on the onset of physiological effects3

in Chinook salmon (Halvorsen et al. 2011a,b) and several other species (Casper et al.4

2011b). These studies, which demonstrated that a cSEL below approximately 207 dB re5

1 µPa2·s will not result in the onset of injury and that cSEL as high as 210 dB re 16

µPa2·s produces physiological effects that are inconsequential (e.g., minor external7

bleeding). While these data need to be replicated for other species and other sounds,8

they have been shown to be appropriate for three very different species, suggesting that9

there may be reasonably broad applicability of these values for setting future interim10

criteria.11

Per Popper (2012), it is not clear which attributes of sound result in physiological onset,12

but it is likely that the rise time (onset time) of the signal may be of consequence. Thus,13

signals with slower rise times than pile driving may have even higher onset levels14

whereas sounds with faster rise times (e.g., from explosives) may have somewhat lower15

criteria.16

Popper (2012) also notes that recovery time needs to be built into future criteria. For17

example, the accumulation of exposure (cSEL) is returned to zero after 12 hours without18

exposure (Carlson et al. 2007; Stadler and Woodbury 2009).19
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6.0 INVERTEBRATES1

6.1 Overview2

Many invertebrates are capable of producing sound, including barnacles, amphipods,3

shrimp, crabs, and lobsters (Au and Banks 1998; Tolstoganova 2002). Invertebrates4

typically produce sound by scraping or rubbing various parts of their bodies, although5

they also produce sound in other ways. There are few data indicating how invertebrates6

may use sound in behavior, although a number of species make sounds for7

communication (e.g., Budelmann 1992; Popper et al. 2001), territorial behavior8

(Tolstoganova 2002), mating (Pye and Watson 2004; Henninger and Watson 2005),9

courtship, and aggression. Snapping shrimp (Synalpheus parneomeris) are among the10

major sources of biological sound in temperate and tropical shallow water areas11

(Au and Banks 1998). By rapidly closing one of its frontal chelae, a snapping shrimp12

generates a forward jet of water and associated cavitation to generate sound, the latter13

of which functions in feeding and territorial behaviors of alpheidae shrimp. Measured14

source SPLs for snapping ship were 183 to 189 dB re 1 μPap-p and extended over a15

frequency range of 2 to 200 kHz.16

No physical structures have been discovered in aquatic invertebrates that are17

stimulated by the pressure component of sound. However, vibrations (i.e., mechanical18

disturbances of the water) are also characteristic of sound waves. Rather than being19

pressure sensitive, aquatic invertebrates appear to be most sensitive to the vibrational20

component of sound (Breithaupt 2002). Statocyst organs may provide one means of21

vibration detection for aquatic invertebrates.22

More is known about the acoustic detection capabilities in decapod crustaceans than in23

any other marine invertebrate group, although cephalopod acoustic capabilities are now24

becoming a focus of study. For example, Kaifu et al. (2008) determined that the25

cephalopod Octopus ocellatus can detect particle motion with its statocyst. Studies by26

Packard et al. (1990), Rawizza (1995), and Komak et al. (2005) have tested the27

sensitivities of various cephalopods to water-borne vibrations, some of which were28

generated by low-frequency sound. Using the ABR approach, Hu et al. (2009) showed29

that auditory evoked potentials can be obtained in the frequency ranges 400 to 1500 Hz30

for the squid Sepiotheutis lessoniana and 400 to 1000 Hz for the octopus Octopus31

vulgaris, higher than frequencies previously observed to be detectable by cephalopods.32

Few studies have been directed at determining impacts of sound on invertebrates33

(e.g., Boudreau et al. 2009; Lagadère 1982; Lagardère and Régnault 1980). There are34

no data that indicate whether masking occurs in invertebrates.35

6.2 Synthesis Studies36

Several past and recent synthesis efforts have addressed the question of hearing and37

the impacts of sound exposure on invertebrates. Moriyasu et al. (2004) conducted a38

critical review of 20 studies completed through 2003 which addressed seismic and39
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marine noise effects on invertebrates. They determined that among the nine studies that1

were quantitative, the effects of sound on marine invertebrate species were mixed.2

Normandeau Associates, Inc. (2012) identified the most critical information needs and3

data gaps on the effects of various anthropogenic sound on fish, fisheries, and4

invertebrates resulting from the use of sound-generating devices by the energy industry5

through development of a literature synthesis that summarized current knowledge of the6

topic as of January 2012. Popper (2012) developed a summary of the potential effects7

of sound on invertebrates (e.g., crabs, cephalopods) as part of an analysis of fish and8

invertebrate hearing capabilities and pertinent study results for a programmatic impact9

analysis of geological and geophysical sound sources being considered on the Atlantic10

Outer Continental Shelf (OCS).11

The consensus of these reviews indicate that few data regarding hearing have been12

compiled for aquatic invertebrates (e.g., André et al. 2011). Available data suggest13

invertebrate hearing in the low-frequencies and only to the particle motion component of14

the sound field (e.g., Mooney et al. 2010). In other words, based on the few studies that15

have been conducted on the sensitivity of certain invertebrate species to underwater16

sound, available data suggest that they are capable of detecting vibrations but they do17

not appear to be capable of detecting pressure fluctuations. Normandeau Associates,18

Inc. (2012) concluded that, although there is evidence that a range of invertebrates are19

sensitive to low-frequency sounds, it is not yet clear whether any of them are sensitive20

to sound pressure, or whether they show the same level of sensitivity to sounds as21

other aquatic organisms (e.g., fishes).22

One study addressing the effects of seismic exploration (i.e., airguns) on shrimp23

suggests no behavioral effects at sound levels with a source level of approximately24

196 dB re 1 µPa rms at 1 m (3.3 feet [ft]) (Andriguetto-Filho et al. 2005).25

Among the studies completed on the effects of sound on invertebrates, the vast majority26

have focused on the impact of seismic surveys (i.e., airgun arrays), primarily using27

crustaceans and cephalopods. Crustaceans appear to be most sensitive to sounds less28

than 1 kHz, although some species are able to detect sounds up to 3 kHz (Lovell et al.29

2005). Cephalopods appear to be sensitive to the low-frequency particle motion30

component of the sound field and not pressure (Mooney et al. 2012), and are sensitive31

to water movement stimuli in a range between less than 20 and 1500 Hz (Packard et al.32

1990; Hu et al. 2009)33

6.3 Hearing Sensitivity34

While sounds known to be produced by marine invertebrates have frequencies ranging35

from 87 Hz to 200 kHz, depending on the species, it remains unclear as to the hearing36

sensitivity of aquatic invertebrates. Rather than being pressure sensitive, aquatic37

invertebrates appear to be most sensitive to the vibrational component of sound38

(Breithaupt 2002).39
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6.4 Effects of Sound Exposure1

Acute injury or mortality of invertebrates as a result of exposure to sound appears to2

depend on two features of the sound source: (1) the received peak pressure, and3

(2) the time required for the pressure to rise and decay. Generally, the higher the4

received pressure and the less time it takes for the pressure to rise and decay, the5

greater the chance of acute pathological effects (NSF and USGS 2011). Considering6

the peak pressure and rise/decay time characteristics of high energy sound sources7

(e.g., seismic airgun arrays), the associated pathological zone for invertebrates would8

be expected to be small (i.e., within a few meters of the seismic source). Lower peak9

pressures and rise/decay times associated with low energy geophysical sources10

suggest that even smaller ranges for pathological changes would be evident.11

NSF and USGS (2011) have summarized the effects of seismic survey noise, providing12

summary information regarding previous studies which have assessed the pathological,13

physiological, and behavioral responses of marine invertebrates exposed to seismic14

sources (Table H-11). NSF and USGS (2011) have also noted that the three categories15

should not be considered as independent of one another and are likely interrelated in16

complex ways.17

There are only limited data on high anthropogenic sound levels and corresponding18

physiological effects on invertebrates. Potentially relevant data are limited to results19

from a study on the effects of seismic exploration on snow crabs on the east coast of20

Canada (Boudreau et al. 2009) and controlled exposure of cephalopods to low-21

frequency sound. Results from Boudreau et al. (2009) showed no short-term or22

long-term effects of seismic exposure in adult or juvenile crabs or crab eggs.23

Andre et al. (2011) conducted controlled exposure experiments on four cephalopod24

species (Loligo vulgaris, Sepia officinalis, Octopus vulgaris, and Illex coindetii),25

subjecting them to low-frequency sound. Exposure to low-frequency sounds resulted in26

permanent and substantial alterations of the sensory hair cells of the statocysts, the27

structures responsible for the animals' sense of balance and position. The exposure28

level (received SPL) was 157 ± 5 dB re 1 μPa, with peak levels at 175 dB re 1 μPa.   29

Study results presented by Andre et al. (2011) have been critically reviewed (Popper30

2012), with concerns raised over lack of scientific control (i.e., control specimens being31

handled and treated to identical conditions, absent sound exposure) and the absence of32

an assessment of particle motion (i.e., invertebrates are detectors of particle motion,33

with no specializations coupling an air-filled structure to the ear). While there is34

uncertainty regarding the biological importance of particle motion sensitivity versus35

acoustic pressure, recent electrophysiological studies confirmed cephalopod36

sensitivities to frequencies under 400 Hz (Octopus vulgaris, Kaifu et al. 2008;37

Sepioteuthis lessoniana, Octopus vulgaris, Hu et al. 2009; Loligo pealei, Mooney et al.38

2010).39
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Table H-11. Summary of Seismic Noise Exposure Studies on Invertebrates (Adapted from: NSF and USGS 2011)1

Species
Test

Subject(s)
Exposure Determinations Reference(s)

Pathological Effects

Snow crab
(Chionoecetes
opilio)

Captive adult
males,
egg-carrying
females, and

fertilized eggs

Variable sound pressure

levels (SPL)
(191-221 dB re 1 μPa0-p)

and sound exposure levels
(SELs)
(<130-187 dB re 1 μPa2·s)

Neither acute nor chronic (12 weeks post-exposure) mortality was observed for

the adult crabs. A significant difference in development rate was noted between
the exposed and unexposed fertilized eggs/embryos. The egg mass exposed to

seismic energy had a higher proportion of less developed eggs than did the
unexposed mass. Both egg masses came from a single female and any
measure of natural variability was unattainable.

Christian et al.

2003, 2004

Snow crab
(Chionoecetes
opilio)

Caged
egg-bearing
females

Maximum received SPL
was ~195 dB re 1 μPa0-p.

Crabs were exposed for
132 survey hr

Neither acute nor chronic lethal or sub-lethal injury to female crabs or crab
embryos was indicated. Some exposed individuals had short-term soiling of gills,
antennules and statocysts, bruising of the hepatopancreas and ovary, and

detached outer membranes of oocytes; these differences could not be linked
conclusively to exposure to seismic survey sound. Study design problems
impacted interpretation of some of the results (Chadwick 2004).

DFOC 2004

American
lobster
(Homarus
americanus)

Adult

Exposed either 20 to
200 times to

202 dB re 1 μPap-p, or
50 times to 227 dB
re 1 μPap-p

Monitored for changes in survival, food consumption, turnover rate, serum
protein level, serum enzyme levels, and serum calcium level. Results showed no
delayed mortality or damage to the mechano-sensory systems associated with
animal equilibrium and posture.

Payne et al.
2007

Dungeness crab
(Cancer
magister)

Stage II larvae
Single discharges from a

seven-airgun array

No statistically significant differences were found in immediate survival, long
term survival, or time to molt between the exposed and unexposed larvae, even
those exposed within 1 meter (m) of the seismic source.

Pearson et al.

1994

Squid
(Sepioteuthis
australis)

Adult

Exposed to noise from a
single 20-in3 airgun with

maximum SPLs of
>200 re 1 μPa0-p.

No squid or cuttlefish mortalities were reported as a result of these exposures.
McCauley

et al. 2000a,b
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Species
Test

Subject(s)
Exposure Determinations Reference(s)

Physiological Effects

Snow crab
(Chionoecetes
opilio)

Captive adult
males

Variable SPLs
(191-221 dB re 1 μPa0-p)
and SELs (<130–187 dB re

1 μPa2·s)

No significant acute or chronic differences were found between exposed and
unexposed animals in which various stress indicators (e.g., proteins, enzymes,
cell type count) were measured.

Christian et al.
2003, 2004

American
lobster
(Homarus

americanus)

Adult

Exposed either 20 to
200 times to 202 dB
re 1 μPap-p or 50 times to

227 dB re 1 μPap-p

Noted decreases in the levels of serum protein, particular serum enzymes and
serum calcium, in the haemolymph of animals exposed to the sound pulses.
Statistically significant differences (P=0.05) were noted in serum protein at
12 days post-exposure, serum enzymes at 5 days post-exposure, and serum

calcium at 12 days post-exposure.During the histological analysis conducted
4 months post-exposure, noted more deposits of periodic-acid Schiff
(PAS)-stained material, likely glycogen, in the hepatopancreas of some of the

exposed lobsters. Accumulation of glycogen could be due to stress or
disturbance of cellular processes.

Payne et al.
2007

Blue mussels
(Mytilus edulis)

Small and
large mussels

10 kHz pure tone
continuous signal

Decreasing respiration. Smaller mussels did not appear to react until exposed for

30 minutes (min) whereas larger mussels responded after 10 min of exposure.
The oxygen uptake rate tended to be reduced to a greater degree in the larger
mussels than in the smaller animals.

Price 2007

Behavioral Effects

Snow crab
(Chionoecetes

opilio)
Eight adults

Received SPL and SEL
were ~191 dB re 1 μPa0-p

and <130 dB re 1 μPa2·s,
respectively. The crabs

were exposed to
200 discharges over a
33-min period

Equipped with ultrasonic tags, released, and monitored for multiple days prior to
exposure and after exposure. None of the tagged animals left the immediate

area after exposure to the seismic survey sound. Five animals were captured in
the snow crab commercial fishery the following year, one at the release location,
one 35 kilometers (km) from the release location, and three at intermediate

distances from the release location.

Christian et al.
2003

Snow crab
(Chionoecetes
opilio)

Seven
pre-exposure

and six
post-exposure
trap sets

SPLs and SELs were not

measured directly;
expected to be similar to
levels noted above

Investigated the pre- and post-exposure catchability of snow crabs during a

commercial fishery using remote video camera. Results indicated that the catch-
per-unit effort did not decrease after the crabs were exposed to seismic survey
sound.

Christian et al.
2003

Rock lobster
(Jasus
edwardsii)

Variable

Commercial catches and
seismic surveying in
Australian waters from
1978-2004.

No evidence that lobster catch rates were affected by seismic surveys.
Parry and
Gason 2006
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Species
Test

Subject(s)
Exposure Determinations Reference(s)

Snow crab
(Chionoecetes
opilio)

Caged females
Airgun sound associated
with a recent commercial
seismic survey

Exhibited a higher rate of “righting” than those crabs not exposed to seismic
survey sound. “Righting” refers to a crab’s ability to return itself to an upright

position after being placed on its back. Christian et al. (2003) made the same
observation in their study.

J. Payne

unpublished;
reported in
NSF and
USGS 2011

American
lobster
(Homarus
americanus)

Adult

Exposed either 20 to
200 times to
202 dB re 1 μPap-p or
50 times to
227 dB re 1 μPap-p

Noted a trend for increased food consumption by the animals exposed to seismic

sound.

Payne et al.

2007

Shrimp Variable Seismic survey sound

Bottom trawl yields of Brazil artisanal shrimp were measured before and after
multiple-day shooting of an airgun array. Water depth in the experimental area

ranged between 2 and 15 m. Results of the study did not indicate any significant
deleterious impact on shrimp catches.

Andriguetto-
Filho et al.
2005

Brown shrimp
(Crangon
crangon)

Variable Not specified
Shrimp reared under different acoustical conditions exhibited differences in
aggressive behavior and feeding rate

Lagardère
1982

Squid
(Sepioteuthis
australis) and
cuttlefish (Sepia

officinalis)

Adults – 50
squid and 2
cuttlefish

Exposed to noise from a
single 20-in3 airgun with

maximum SPLs of
>200 dB re 1 μPa0-p.

The two-run total exposure times during the three trials ranged from 69 to
119 min. at a firing rate of once every 10–15 seconds (s). Some of the squid
fired their ink sacs apparently in response to the first shot of one of the trials and

then moved quickly away from the airgun. In addition to the above-described
startle responses, some squid also moved towards the water surface as the
airgun approached. Researchers reported that the startle and avoidance

responses occurred at a received SPL of 174 dB re 1 μPa root mean square 
(rms). They also exposed squid to a ramped approach-depart airgun signal
whereby the received SPL was gradually increased over time. No strong startle

response (i.e., ink discharge) was observed, but alarm responses, including
increased swimming speed and movement to the surface, were observed once

the received SPL reached a level in the 156–161 dB re 1 μPa rms range. 

McCauley

et al. 2000a,b

Cuttlefish (Sepia
officinalis)

Juveniles

Exposed to local sinusoidal
water movements of
different frequencies
between 0.01 and 1000 Hz

Responses included body pattern changing, movement, burrowing, reorientation,
and swimming.

Komak et al.
2005

Octopus
(Octopus

ocellatus)
Adults

Non-impulse sound, level

of 120 dB re 1 μPa rms, at 
50, 100, 150, 200 and
1000 Hz.

The respiratory activity of the octopus changed when exposed to sound in the

50–150 Hz range but not for sound at 200–1,000 Hertz (Hz). Respiratory
suppression by the octopus might have represented a means of escaping
detection by a predator.

Kaifu et al.
2007

1



Scientific Review

Low Energy Offshore Geophysical Permit H-69 July 2013
Program Update MND

There are few data indicating if and how invertebrates may use sound in behavior,1

although a number of species make sounds and so, presumably, use such sounds for2

communication (e.g., Budelmann 1992; Popper et al. 2001). Invertebrate species3

capable of producing sounds include barnacles, amphipods, shrimp, crabs, lobsters,4

mantis shrimps, sea urchins, and squid (Au and Banks 1998; Iversen et al. 1963;5

Radford et al. 2008; Staaterman et al. 2011). However, there are no data that indicate6

whether masking occurs in invertebrates or suggest whether anthropogenic sound7

would have any impact on invertebrate behavior. A study assessing the effects of8

seismic exploration on shrimp suggests no behavioral effects at sound levels with a9

source level of about 196 dB re 1 µPa rms at 1 m (Andriguetto-Filho et al. 2005).10

Direct observation of squid exposed to airgun sound showed both a strong startle11

response involving ink ejection and rapid swimming at 174 dB re 1 µPa rms and12

avoidance behavior (McCauley et al. 2000a,b). Sensitivity to low-frequencies indicates13

that marine invertebrates, like squid (Packard et al. 1990; Urick 1983), are likely to be14

susceptible to anthropogenic sources of underwater sound such as shipping, offshore15

industrial activities (e.g., wind or tidal turbines), and seismic surveys. As a result,16

invertebrates sensitive to low-frequencies may be susceptible to masking or other17

physiological or behavioral impacts of anthropogenic noise (McCauley et al. 2000). In18

addition, statocyst or lateral line hair cells may be affected by sound energy (either long19

duration or brief, high-intensity noise). Such hair cell damage and related temporary20

hearing loss has been demonstrated in fishes (McCauley et al. 2003), and this has been21

suggested for squid which possess a lateral line analogue (Budelmann 1994).22

Recent studies have indicated that offshore seismic survey activity has no effect on23

catch rates of crustaceans in the surrounding area (Andriguetto-Filho et al., 2005; Parry24

and Gason, 2006).25

Stocks et al. (2012) examined the responses of larvae of temperate invertebrates to26

three sound treatments: natural ambient sound (shallow rocky reef), anthropogenic27

sound (vessel engine), and no sound (control). Species analyzed included larvae of two28

mollusks (gastropod Bembicium nanum; oyster Crassostrea gigas), an echinoderm29

(echinoid Heliocidaris erythrogramma), and a bryozoan (Bugula neritina). Larvae of the30

gastropod increased their swimming activity in response to both natural and31

anthropogenic sound, while larvae of the bryozoan decreased swimming activity when32

exposed to engine noise, but not recordings from the natural reef. Considerable33

variation was observed in the swimming behavior of larvae of the echinoid, with no34

evidence of differences in response among the treatments. The behavior of oyster35

larvae was dependent on its nutritional status, with unfed larvae not responding to36

sound, whereas fed larvae increased swimming activity, but only in response to natural37

sound.38
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6.5 Noise Exposure Criteria1

There are no noise exposure criteria for invertebrates. Interim criteria for the onset of2

injury in fish (i.e., physiological effects) were established at a peak SPL level of 208 dB3

re 1 µPa, based on the work of Popper et al. (2006); this threshold was also applied in4

recent analyses (e.g., Central California Coast Seismic Imaging Project, CSLC 2012) to5

both fish and invertebrates. This threshold was originally derived from studies of fish6

and invertebrates exposed to pile driving noise (Popper et al. 2006) and included a SEL7

threshold of 187 dB re 1 µPa2·s.8

In 2009, the interim criteria, as applicable to fish and by inference to invertebrates, were9

revised to account for the onset of physical injury (i.e., TTS) when either (1) the peak10

SPL exceeds 206 dB re 1 μPa (peak) or the SEL, accumulated over all pile strikes 11

generally occurring within a single day; or (2) exceeds 183 or 187 dB re 1 μPa2·s,12

depending upon fish weight (Stadler and Woodbury 2009). However, Popper (2012)13

notes that the interim criteria have being closely scrutinized, and that recent pile driving14

effects studies (Halvorsen et al. 2011, 2012a, 2012b; Casper et al. 2011, 2012a,b) have15

introduced further concerns regarding acceptable exposure levels. Given these16

concerns and the absence of revised criteria, the current MND analysis has used the17

approach outlined in CSLC (2012), adopting the SPL threshold of 208 dB re 1 µPa and18

the lower current SEL threshold of 183 dB re 1 μPa.  19



Scientific Review

Low Energy Offshore Geophysical Permit H-71 July 2013
Program Update MND

7.0 LITERATURE CITED1

Amoser, S. and F. Ladich. 2003. Diversity in noise-induced temporary hearing loss in2

otophysine fishes. J. Acoust. Soc. Am. 113(4):2170-2179.3

André, M., M. Solé, M. Lenoir, M. Durfort, C. Quero, A. Mas, A. Lombarte, M. van der4

Schaar, M. López-Bejar, M. Morell, S. Zaugg, and L. Houégnigan. 2011.5

Low-frequency sounds induce acoustic trauma in cephalopods. Frontiers in6

Ecology and the Environment. doi:10.1890/100124.7

Andriguetto-Filho, J.M., A. Ostrensky, M.R. Pie, U.A. Silva, and W.A. Boeger. 2005.8

Evaluating the impact of seismic prospecting on artisanal shrimp fisheries.9

Continental Shelf Research 25:1720-1727.10

Au, W.W.L., A.A. Pack, M.O. Lammers, L.M. Herman, M.H. Deakos, and K. Andrews.11

2006. Acoustic properties of humpback whale songs. J. Acoust. Soc. Am.12

120:1103-1110.13

Backus, R.H. and W.E. Schevill. 1966. Physeter clicks, pp. 510-528. In: K.S. Norris14

(ed.), Whales, Dolphins, and Porpoises. University of California Press, Berkeley.15

Barber, J.R., K.R. Crooks, and K.M. Fristrup. 2010. The costs of chronic noise exposure16

for terrestrial organisms. Trends in Ecology and Evolution 25:180-189.17

Bartol, S.M. 2012. Sea Turtle Hearing and Sensitivity to Acoustic Impacts. Appendix I.18

Atlantic OCS Proposed Geological and Geophysical Activities, Mid-Atlantic and19

South Atlantic Planning Areas, Draft Programmatic Environmental Impact20

Statement. OCS EIS/EA BOEM 2012-005. March 2012. 2 vols.21

Bartol, S.M. and D.R. Ketten. 2006. Turtle and tuna hearing, pp. 98-105. In: Y. Swimmer22

and R. Brill (eds.), Sea turtle and pelagic fish sensory biology: Developing23

techniques to reduce sea turtle bycatch in longline fisheries. 106 pp. NOAA Tech.24

Mem. NMFS-PIFSC-7. Available at:25

http://www.pifsc.noaa.gov/tech/NOAA_Tech_Memo_PIFSC_7.pdf. Accessed26

13 July 2012.27

Bartol, S.M., J.A. Musick, and M. Lenhardt. 1999. Auditory evoked potentials of the28

loggerhead sea turtle (Caretta caretta). Copeia 3:836-840.29

Bee, M.A. and E.N. Swanson. 2007. Auditory masking of anuran advertisement calls by30

road traffic noise. Animal Behaviour 74(6):1765-1776.31

Bejder, L., A. Samuels, H. Whitehead, H. Finn, and S. Allen. 2009. Impact assessment32

research: use and misuse of habituation, sensitisation and tolerance in33

describing wildlife responses to anthropogenic stimuli. Marine Ecology Progress34

Series 395:177-185. Available at: http://www.int-35

res.com/articles/theme/m395p177.pdf. Accessed 13 July 2012.36



Scientific Review

July 2013 H-72 Low Energy Offshore Geophysical Permit
Program Update MND

Bolton, A.B. 2003. Variation in sea turtle life history patterns: neritic vs. oceanic1

developmental stages, pp. 243-257. In: P.L. Lutz, J.A. Musick, and J. Wyneken2

(eds.), The Biology of Sea Turtles Vol. 2. Boca Raton: CRC Press. Available at:3

http://books.google.com/books?id=IBwouTV8VEwC&printsec=frontcover&dq=lutz4

+The+Biology+of+Sea+Turtles+volume+2&hl=en&ei=DJo5TpjKKu240AHhtIDuA5

w&sa=X&oi=book_result&ct=book-6

thumbnail&resnum=1&ved=0CC0Q6wEwAA#v=onepage&q&f=false.7

Accessed 13 July 2012.8

Boudreau, M., S.C. Courtenay, and K. Lee (eds.). 2009. Proceedings of a workshop9

held 23 January 2007 at the Gulf Fisheries Center. Potential impacts of seismic10

energy on snow crab: An update to the September 2004 review. Can. Tech. Rep.11

Fish. Aquat. Sci. 2836. 29 pp.12

Branstetter, B.K., and J.J. Finneran. 2008. Comodulation masking release in bottlenose13

dolphins (Tursiops truncatus). J. Acoust. Soc. Am. 124:25-33.14

Branstetter, B.K., J.S. Trickey, and J.J. Finneran. 2011. On the relationship between15

environmental noise, critical ratios, and comodulation masking release in the16

bottlenose dolphin (Tursiops truncatus), pp. 29-32. In: A. Popper and A. Hawkins17

(eds.), The Effects of Noise on Aquatic Life. Advances in Experimental Medicine18

and Biology 730, Springer. 695 pp.19

Brumm, H, and H. Slabbekoorn. 2005. Acoustic communication in noise. Advances in20

Behavior 35:151-209.21

Budelmann, B.U. 1992. Hearing by crustacean, pp. 131-139. In: Webster, D.B.,22

R.R. Fay, and A.N. Popper (eds.), Evolutionary Biology of Hearing. New York:23

Springer-Verlag.24

Bullock, T.H. 1981. Neuroethology deserves more study of evoked responses.25

Neuroscience 6:1203-1215.26

Busch, D.S. and L.S. Hayward. 2009. Stress in a conservation context: A discussion of27

glucocorticoid actions and how levels change with conservation-relevant28

variables. Biological Conservation 142:2844-2853.29

Carlson, T.J., M.C. Hastings, and A.N. Popper. 2007. Update on recommendations for30

revised interim sound exposure criteria for fish during pile driving activities.31

Memorandum dated December 21, 2007, to Suzanne Theiss, California32

Department of Transportation and Paul Wagner, Washington Department of33

Transportation.34

Carretta, J.V., J. Barlow, and L. Enriquez. 2008. Acoustic pingers eliminate beaked35

whale bycatch in a gill net fishery. Mar. Mamm. Sci. 24:956-961.36



Scientific Review

Low Energy Offshore Geophysical Permit H-73 July 2013
Program Update MND

Casper, B.M. and D.A. Mann. 2006. Evoked potential audiograms of the nurse shark1

(Ginglymostoma cirratum) and the yellow stingray (Urobatis jamaicensis).2

Environmental Biology of Fishes 76:101-108.3

Casper, B.M., P.S. Lobel, and H.Y. Yan. 2003. The hearing sensitivity of the little skate,4

Raja erinacea: A comparison of two methods. Environmental Biology of Fishes5

68:371-379.6

Casper, B.M., M.C. Halvorsen, and A.N. Popper. 2011a. Are sharks even bothered by a7

noisy environment? In: Popper, A.N. and A. Hawkins, eds. Effects of noise on8

aquatic life. New York: Springer Science and Business Media, LLC.9

Casper, B.M., F.M. Matthews, M.B. Halvorsen, T.J. Carlson, and A.N. Popper. 2011b.10

Recovery from exposure to pile driving signals by Chinook salmon. J. Acoust.11

Soc. Am. 129(4):2436.12

CEF Consultants Ltd. 2011. Report on a Workshop on Fish Behaviour in Response to13

Seismic Sound held in Halifax, Nova Scotia, Canada, March 28-31, 2011,14

Environmental Studies Research Funds Report No. 190. Halifax, 109 p.15

Chapman, C.J. and A.D. Hawkins. 1973. A field study of hearing in the cod, Gadus16

morhua. Journal of Comparative Physiology 85:147-167.17

Clark, C.W. 1990. Acoustic behavior of mysticete whales, pp. 571-583. In: J. Thomas18

and R. Kastelein, (eds.), Sensory Abilities of Cetaceans. Plenum Press.19

Clark, C.W. and W.T. Ellison. 2004. Potential use of low-frequency sounds by baleen20

whales for probing the environment: Evidence from models and empirical21

measurements, pp. 564-589. In: J.A. Thomas, C.F. Moss and M. Vater (eds.),22

Echolocation in Bats and Dolphins. University of Chicago Press, Chicago, IL.23

Clark, C.W., P. Tyack, and W.T. Ellison. 2001. Revised Overseas Environmental Impact24

Statement and Environmental Impact Statement for Surveillance Towed Array25

Sensor System Low Frequency Active (SURTASS LFA) Sonar Technical Report26

1: Low frequency Sound Scientific Research Program Technical Report27

(Responses of four species of whales to sounds of SURTASS LFA sonar28

transmissions). Prepared for the U.S. Department of the Navy. January.29

Clark, C.W., W.T. Ellison, B.L. Southall, L. Hatch, S.M. Van Parijs, A. Frankel, and30

D. Ponirakis. 2009. Acoustic masking in marine ecosystems: intuitions, analysis,31

and implication. Marine Ecology Progress Series 395:201-222. Available at:32

http://www.int-res.com/articles/theme/m395p201.pdf. Accessed 13 July 2012.33

Clark, W.W. 1991. Recent studies of temporary threshold shift (TTS) and permanent34

threshold shift (PTS) in animals. J. Acoust. Soc. Am. 90(1):155-163.35

Corwin, J.T., T.H. Bullock, and J. Schweitzer. 1982. The auditory brainstem response in36

five vertebrate classes. Electroenceph. Clin. Neurophysiol. 54(6):629-641.37



Scientific Review

July 2013 H-74 Low Energy Offshore Geophysical Permit
Program Update MND

Cox, T.M., T.J. Ragen, A.J. Read, E. Vos, R.W. Baird, K. Balcomb, J. Barlow,1

J. Caldwell, T. Cranford, L. Crum, A. D’Amico, G. D’Spain, A. Fernández,2

J. Finneran, R. Gentry, W. Gerth, F. Gulland, J. Hildebrand, D. Houser, T. Hullar,3

P.D. Jepson, D. Ketten, C.D. MacLeod, P. Miller, S. Moore, D.C. Mountain,4

D. Palka, P. Ponganis, S. Rommel, R. Rowles, B. Taylor, P. Tyack, D. Wartzok,5

R. Gisiner, J. Mead, and L. Benner. 2006. Understanding the impacts of6

anthropogenic sound on beaked whales. Journal of Cetacean Research and7

Management 7:177-187.8

Cranford, T.W., M.F. McKenna, M.S. Soldevilla, S.M. Wiggins, J.A. Goldbogen,9

R.E. Shadwick, P. Krysl, J.A. St. Leger, and J.A. Hildebrand. 2008a. Anatomic10

geometry of sound transmission and reception in Cuvier’s beaked whale (Ziphius11

cavirostris). Anat. Rec. 291:353-378.12

Cranford, T. W.P. Krysl, and J.A. Hildebrand. 2008b. Acoustic pathways revealed:13

simulated sound transmission and reception in Cuvier’s beaked whale (Ziphius14

cavirostris). Bioinsp. Biomim. 3:016001 (10 pp). Available at:15

http://spermwhale.org/SDSU/My%20Work/Cranford_et_al_Sound_Paths_FEM_B16

B_2008.pdf. Accessed 13 July 2012.17

Cudahy, E. and W. Ellison. 2002. A review of the potential for in vivo tissue damage by18

exposure to underwater sound. Groton, CT: Naval Submarine Medical Research19

Library.20

de Jong, C.A.F., P.J.G. van Beek, M.A. Ainslie, L.J. Bolle, O.A. van Keeken,21

C.J.G. van Damme, H.V. Winter, and D. de Haan. 2011. Testing mortality of fish22

larvae due to simulated offshore piling noise. J. Acoust. Soc. Am. 129(4):2437.23

Deng, X., H.-J. Wagner, and A.N. Popper. 2011. The inner ear and its coupling to the24

swim bladder in the deep-sea fish Antimora rostrata (Teleostei: Moridae). Deep25

Sea Research, Part I 58:27-37.26

DeRuitter, S.L. and K.L. Doukara. 2010. Loggerhead turtles dive in response to airgun27

sound exposure. J. Acoust. Soc. Am. 127(3):1726.28

Doksaeter, L, O.R. Godø, N.O. Handegard, P.H. Kvadsheim, F-P.A. Lam, C. Donovan,29

and P.J. Miller. 2009. Behavioral responses of herring (Clupea harengus) to 1–230

and 6–7 kHz sonar signals and killer whale feeding sounds. J. Acoust. Soc. Am.31

125:554-564.32

Dooling, R.J., E.W. West, and M.R. Leek. 2009. Conceptual and computation models of33

the effects of anthropogenic sound on birds. Proceedings of the Institute of34

Acoustics, 31(pt 1).35

Dow, W.E., D.A. Mann, T.T. Jones, S.A. Eckert, and C.A. Harms. 2008. In-water and36

in-air hearing sensitivity of the green sea turtle (Chelonia mydas). Abstract,37

Acoustic Communication by Animals, 2nd International Conference,38

12-15 August 2008, Corvallis, OR.39



Scientific Review

Low Energy Offshore Geophysical Permit H-75 July 2013
Program Update MND

Engås, A., S. Løkkeborg, E. Ona, and A.V. Soldal. 1996. Effects of seismic shooting on1

local abundance and catch rates of cod (Gadus morhua) and haddock2

(Melanogrammus aeglefinus). Canadian Journal of Fisheries and Aquatic3

Sciences 53:2238-2249.4

Erbe, C. 2000. Detection of whale calls in noise: Performance comparison between a5

beluga whale, human listeners, and a neural network. J. Acoust. Soc. Am.6

108:297-303.7

Erbe, C., and D.M. Farmer. 1998. Masked hearing thresholds of a beluga whale8

(Delphinapterus leucas) in icebreaker noise. Deep-Sea Res. II Top. Stud.9

Oceanogr. 45:1373-1388.10

Fay, R.R. 1988. Hearing in vertebrates: A psychophysics fatabook. Winnetka, IL:11

Hill-Fay Associates.12

Fay, R.R. and A. Megela-Simmons. 1999. The sense of hearing in fishes and13

amphibians. In: Fay, R.R. and A.N. Popper, eds. Comparative hearing: Fish and14

amphibians. New York: Springer-Verlag. Pp. 269-318.15

Fay, R.R. and A.N. Popper. 2000. Evolution of hearing in vertebrates: The inner ears16

and processing. Hear. Res. 149:1-10.17

Federal Register. 2009a. Taking and Importing Marine Mammals; U.S. Navy Training in18

the Hawaii Range Complex. Dept. of Commerce, National Oceanic and19

Atmospheric Administration, National Marine Fisheries Service.20

January 12, 2009. 74 FR 7 pp. 1456-1491. Available at:21

http://www.gpo.gov/fdsys/pkg/FR-2009-01-12/pdf/E9-37.pdf. Accessed22

13 July 2012.23

Federal Register. 2009b. Taking and Importing Marine Mammals; U.S. Navy Training in24

the Southern California Range Complex. Dept. of Commerce, National Oceanic25

and Atmospheric Administration, National Marine Fisheries Service.26

January 21, 2009. 74 FR 12 pp. 3882-3918. Available at:27

http://www.gpo.gov/fdsys/pkg/FR-2009-01-21/pdf/E9-1073.pdf. Accessed28

13 July 2012.29

Fernández, A., J.F. Edwards, F. Rodríguez, A. Espinosa De Los Monteros, P. Herráez,30

P. Castor, J.R. Jaber, V. Martín, and M. Arbelo. 2005. “Gas and Fat Embolic31

Syndrome’’ involving a mass stranding of beaked whales (Family Ziphiidae)32

exposed to anthropogenic sonar signals. Veterinary Pathology 42:446–457.33

Fewtrell, J.L., and R.D. McCauley. 2012 Impact of air gun noise on the behaviour of34

marine fish and squid. Mar. Poll. Bull. 64:984-993.35

Finneran, J.J. and C.E. Schlundt. 2010. Frequency-dependent and longitudinal changes36

in noise-induced hearing loss in a bottlenose dolphin (Tursiops truncatus).37

J. Acoust. Soc. Am. 128:567-570.38



Scientific Review

July 2013 H-76 Low Energy Offshore Geophysical Permit
Program Update MND

Finneran, J.J., C.E. Schlundt, R. Dear, D.A. Carder, and S.H. Ridgway. 2002.1

Temporary shift in masked hearing thresholds in odontocetes after exposure to2

single underwater impulses from a seismic watergun. J. Acoust. Soc. Am.3

111(6):2929-2940.4

Finneran, J.J., D.A. Carder, C.E. Schlundt, and S.H. Ridgway. 2005. Temporary5

threshold shift in bottlenose dolphins (Tursiops truncatus) exposed to6

mid-frequency tones. J. Acoust. Soc. Am. 118(4):2696-2705.7

Finneran, J.J., D.A. Carder, C.E. Schlundt, and R.L. Dear. 2010a. Growth and recovery8

of temporary threshold shift at 3 kHz in bottlenose dolphins: Experimental data9

and mathematical models. J. Acoust. Soc. Am. 127:3256-3266.10

Finneran, J.J., D.A. Carder, C.E. Schlundt, and R.L. Dear. 2010b. Temporary threshold11

shift in a bottlenose dolphin (Tursiops truncatus) exposed to intermittent tones.12

J. Acoust. Soc. Am. 127:3267-3272.13

Fish, J.F. and G.C. Offutt. 1972. Hearing thresholds from toadfish, Opsanu tau,14

measured in the laboratory and field. J. Acoust. Soc. Am. 51:1318-1321.15

Frankel, A.S. 2005. Gray whales hear and respond to a 21-25 kHz high-frequency16

whale-finding sonar, p. 97. In: Proceedings 16th Biennial Conference on the17

Biology of Marine Mammals, San Diego, California, 12-16 December 2005.18

Gedamke, J., N. Gales, and S. Frydman. 2011. Assessing risk of baleen whale hearing19

loss from seismic surveys: The effect of uncertainty and individual variation.20

J. Acoust. Soc. Am. 129(1):496-506.21

Gerrodette, T. and J. Pettis. 2005. Responses of tropical cetaceans to an echosounder22

during research vessel surveys, p. 104. In: Abstracts, 16th Biennial Conference23

on the Biology of Marine Mammals, 12-16 December 2005, San Diego, CA.24

Ghoul, A., and C. Reichmuth. 2011. Sound Production and Reception in Southern Sea25

Otters (Enhydra lutris nereis), pp. 157-159. In: A. Popper and A. Hawkins (eds.),26

The Effects of Noise on Aquatic Life. Advances in Experimental Medicine and27

Biology 730, Springer. 695 pp.28

Gilles, A., M. Scheidat, and U. Siebert. 2009. Seasonal distribution of harbour porpoises29

and possible interference of offshore wind farms in the German North Sea.30

Marine Ecology Progress Series 383:295-307.31

Goertner, J.F. 1982. Prediction of underwater explosion safe ranges for sea mammals.32

Naval Surface Weapons Center, Silver Spring, MD. Available at:33

http://www.dtic.mil/dtic/tr/fulltext/u2/a139823.pdf. Accessed 13 July 2012.34

Halvorsen, M.B., L.E. Wysocki, and A.N. Popper. 2006. Effects of high-intensity sonar35

on fish. J. Acoust. Soc. Am. 119:3283.36



Scientific Review

Low Energy Offshore Geophysical Permit H-77 July 2013
Program Update MND

Halvorsen, M.B., C.M. Woodley, B.M. Casper, T.J. Carlson, and A.N. Popper. 2011a.1

Derivation of a response severity index model for physiological quantification of2

fish response to impulsive sound. J. Acoust. Soc. Am. 129(4):2435.3

Halvorsen, M.B., B.M. Casper, C.M. Woodley, T.J. Carlson, and A.N. Popper. 2011b.4

Predicting and mitigating hydroacoustic impacts on fish from pile installations.5

National Cooperative Highway Research Program Transportation Research6

Board of The National Academies.7

Halvorsen, M.B., D.G. Zeddies, W.T. Ellison, D.R. Chicoine, and A.N. Popper. 2012.8

Effects of mid-frequency active sonar on hearing in fish. J. Acoust. Soc. Am.9

131(1):599-607.10

Hastie, G.D. and V.M. Janik. 2007. Behavioural responses of grey seals to multibeam11

imaging sonars. Abstracts, 17th Biennial Conference on the Biology of Marine12

Mammals, 29 Nov.–3 Dec., Cape Town, South Africa.13

Hastings, M.C. 2008. Coming to terms with the effects of ocean noise on marine14

animals. Acoustics Today 4(2):22-34.15

Hastings, M.C. and J. Miskis-Olds. 2011. Shipboard assessment of hearing sensitivity of16

tropical fishes immediately after exposure to seismic air gun emissions at Scott17

reef. In: Popper, A.N. and A. Hawkins, eds. Effects of noise on aquatic life. New18

York: Springer Science + Business Media, LLC.19

Hastings, M.C., C.A. Reid, C.C. Grebe, R.L. Hearn, and J.G. Colman. 2008. The effects20

of seismic airgun noise on the hearing sensitivity of tropical reef fishes at Scott21

Reef, Western Australia. Underwater Noise Measurement, Impact and Mitigation,22

Proceedings.23

Hawkins, A.D. and A.A. Myrberg, Jr 1983. Hearing and sound communication under24

water, pp. 347-405. In: B. Lewis (ed.), Bioacoustics: A Comparative Approach.25

Academic Press: London.26

Hetherington, T. 2008. Comparative anatomy and function of hearing in aquatic27

amphibians, reptiles, and birds, pp. 183-210. In: J.G.M. Thewissen and28

S. Nummela (eds.), Sensory Evolution on the Threshold: Adaptations in29

Secondarily Aquatic Vertebrates. UC Press: Berkeley.30

High Energy Seismic Survey (HESS). 1999. High energy seismic survey review process31

and interim operational guidelines for marine surveys offshore Southern32

California. Prepared for The California State Lands Commission and the Minerals33

Management Service Pacific Outer Continental Shelf Region. Camarillo,34

California: High Energy Seismic Survey Team.35

Hildebrand, J.A. 2005. Impacts of anthropogenic sound, pp. 101-158.36

In. W.J. Richardson, C.R. Greene, Jr., C.I. Malme, and D.H. Thomson (eds.),37

Marine Mammals and Noise. San Diego: Academic Press.38



Scientific Review

July 2013 H-78 Low Energy Offshore Geophysical Permit
Program Update MND

Hildebrand, J.A. 2009. Anthropogenic and natural sources of ambient noise in the1

ocean. Marine Ecology Progress Series 139:5-20. Available at: http://www.int-2

res.com/articles/theme/m395p005.pdf. Accessed 13 July 2012.3

Holst, M., W.J. Richardson, W.R. Koski, M.A. Smultea, B. Haley, M.W. Fitzgerald, and4

M. Rawson. 2007. Effects of large and small-source seismic surveys on marine5

mammals and sea turtles. American Geophysical Union, abstract #OS42A-01.6

Internet website: http://adsabs.harvard.edu/abs/2006AGUSMOS42A..01H.7

Accessed 13 July 2012.8

Holt, M.M., and R.J. Schusterman. 2007. Spatial release from masking of aerial tones in9

pinnipeds. J. Acoust. Soc. Am. 121:1,219-1,225.10

Horodysky, A.Z., R.W. Brill, M.L. Fine, J.A. Musick, and R.J. Latour. 2008. Acoustic11

pressure and particle motion thresholds in six sciaenid fishes. J. Exp. Biol.12

211:1504-1511. doi:10.1242/jeb.016196.13

Houser, D.S., D.A. Helweg, and P.W.B. Moore. 2001. A bandpass filter-bank model of14

auditory sensitivity in the humpback whale. Aquatic Mammals 27:82-91.15

Ireland, D., M. Holst, and W.R. Koski. 2005. Marine mammal monitoring during16

Lamont-Doherty Earth Observatory’s seismic program off the Aleutian Islands,17

Alaska, July-August 2005. LGL Rep. TA4089-3. LGL Ltd., King City, Ont., for18

Lamont-Doherty Earth Observatory of Columbia Univ., Palisades, NY, and19

NMFS, Silver Spring, MD.20

Iversen, R.T.B. 1967. Response of the yellowfin tuna (Thunnus albacares) to21

underwater sound. In: Tavolga, W.N., ed. Marine bio-acoustics II New York:22

Pergamon Press. Pp. 105-121.23

Iversen, R.T.B. 1969. Auditory thresholds of the scombrid fish Euthynnus affinis, with24

comments on the use of sound in tuna fishing. Proceedings of the FAO25

Conference on Fish Behaviour in Relation to Fishing Techniques and Tactics,26

October 1967. FAO Fisheries Reports No. 62 Vol. 3. FRm/R62.3.27

Jepson, P.D., M. Arbelo, R. Deaville, I.A.P. Patterson, P. Castro, J.R. Baker,28

E. Degollada, H.M. Ross, P. Herráez, A.M. Pocknell, F. Rodríguez, F.E. Howie,29

A. Espinosa, R.J. Reid, J.R. Jaber, V. Martin, A.A. Cunningham, and30

A. Fernández. 2003. Gas-bubble lesions in stranded cetaceans. Nature31

425:575-576.32

Jerkø, H., I. Turunen-Rise, P.S. Enger, and O. Sand. 1989. Hearing in the eel (Anguilla33

anguilla). Journal of Comparative Physiology 165:455-459.34

Jørgensen, R., K.K. Olsen, I.B. Falk-Petersen, and P. Kanapthippilai. 2005.35

Investigations of potential effects of low frequency sonar signals on survival,36

development and behaviour of fish larvae and juveniles. The Norwegian College37

of Fishery Science, University of Tromsø, N-9037 Tromsø Norway.38



Scientific Review

Low Energy Offshore Geophysical Permit H-79 July 2013
Program Update MND

Kane, A.S., J. Song, M.B. Halvorsen, D.L. Miller, J.D. Salierno, L.E. Wysocki,1

D. Zeddies, A.N. Popper. 2010. Exposure of fish to high intensity sonar does not2

induce acute pathology. J. Fish Biol. 76:1825-1840.3

Karlsen, H.E. 1992. Infrasound sensitivity in the plaice (Pleuronectes plattessa). Journal4

of Experimental Biology 171:173-187.5

Kastak, D. and R.J. Schusterman. 1998. Low-frequency amphibious hearing in6

pinnipeds: Methods, measurements, noise, and ecology. J. Acoust. Soc. Am.7

103:2,216-2,228.8

Kastak, D., R.J. Schusterman, B.L. Southall, and C.J. Reichmuth. 1999. Underwater9

temporary threshold shift induced by octave-band noise in three species of10

pinniped, J. Acoust. Soc. Am. 106:1142–1148.11

Kastak, D., B.L. Southall, R.J. Schusterman, and C.R. Kastak. 2005. Underwater12

temporary threshold shift in pinnipeds: effects of noise level and duration.13

J. Acoust. Soc. Am. 118:3154-3163.14

Kastak, D., J. Mulsow, A. Ghoul, and C. Reichmuth. 2008. Noise-induced permanent15

threshold shift in a harbor seal. J. Acoust. Soc. Am. 123:2986.16

Kastelein, R.A., and P.J. Wensween. 2008. Effects of two levels of masking noise on17

the hearing threshold of a harbor porpoise (Phocoena phocoena) for a 4.0 kHzz18

signal. Aquat. Mamm. 34:420-425.19

Kastelein, R.A., W.C. Verboom, N. Jennings, and D. de Haan. 2008a. Behavioral20

avoidance threshold level of a harbor porpoise (Phocoena phocoena) for a21

continuous 50 kHz pure tone. J. Acoust. Soc. Amer. 123:1858-1861.22

Kastelein, R.A., L. Hoek, and C.A.F. de Jong. 2008b. Hearing thresholds of a harbor23

porpoise (Phocoena phocoena) for sweeps (1–2 kHz and 6–7 kHz bands)24

mimicking naval sonar signals. J. Acoust. Soc. Amer. 129:3393-3399.25

Kastelein, R.A., P.J. Wensween, I. Hoek, W.W.L. Au, J.M. Terhune, and C.A.F. deJong.26

2009. Critical ratios in harbor porpoises (Phocoena phocoena) for tonal signals27

between 0.315 and 150 kHz in random Gaussian white noise. J. Acoust. Soc.28

Am. 126:1588-1597.29

Ketten, D.R., C. Merigo, E. Chiddick, and H. Krum. 1999. Acoustic fatheads: parallel30

evolution of underwater sound reception mechanisms in dolphins, seals, turtles,31

and sea birds. J. Acoust. Soc. Am. 105:1110.32

Ketten, D.R., J. O'Malley, P.W.B. Moore, S. Ridgway, and C. Merigo. 2001. Aging,33

injury, disease, and noise in marine mammal ears. J. Acoust. Soc. Am.34

110(5, Pt. 2):2721 (abstract).35

Ketten, D.R., S. Cramer, and J. Arruda. 2007. A manual for the removal, fixation, and36

preservation of cetacean ears. Woods Hole Oceanographic Institution, Woods37

Hole, MA.38



Scientific Review

July 2013 H-80 Low Energy Offshore Geophysical Permit
Program Update MND

Knudsen, F.R., P.S. Enger, and O. Sand. 1994. Avoidance responses to low frequency1

sound in downstream migrating Atlantic salmon smolt, Salmo salar. Journal of2

Fish Biology 45:227-233.3

Kraus, S., A. Read, A. Solov, K. Baldwin, T. Spradlin, E. Anderson, and J. Williamson.4

1997. Acoustic alarms reduce porpoise mortality. Nature 388(6642):525.5

Kremser, U., P. Klemm, and W.D. Kötz. 2005. Estimating the risk of temporary acoustic6

threshold shift, caused by hydroacoustic devices, in whales in the Southern7

Ocean. Antarctic Science 17(1):3-10.8

Kryter, K.D. 1994. The handbook of hearing and the effects of noise. Academic Press,9

New York. 673 pp.10

Kvadsheim, P.H. and E.M. Sevaldsen. 2005. The potential impact of 1-8 kHz active11

sonar on stocks of juvenile fish during sonar exercises. FFI/Report-2005/01027.12

Ladich, F. and A.N. Popper. 2004. Parallel evolution in fish hearing organs. In:13

Manley, G.A., A.N. Popper, and R.R. Fay, eds. Evolution of the vertebrate14

auditory system, Springer handbook of auditory research. New York:15

Springer-Verlag. Pp. 95-127.16

Lagardère, J.-P. 1982 Effects of noise on growth and reproduction of Crangon crangon17

in rearing tanks. Marine Biology 71:177-185.18

Lagardère, J.-P. and M.R. Régnault. 1980. Influence du niveau sonore de bruit ambient19

sur la métabolisme de Crangon crangon (Decapoda: Natantia) en élevage.20

Marine Biology 57:157-164.21

Laiolo, P. 2010. The emerging significance of bioacoustics in animal species22

conservation. Biological Conservation 143:1635-1645.23

Lavender, A.L., S.M. Bartol, and I.K. Bartol. 2010. Hearing capabilities of loggerhead24

sea turtles (Caretta caretta) throughout ontogeny. Proceedings of the Second25

International Conference on the Effects of Noise on Aquatic Life, Cork, Ireland.26

Lavender, A.L., S.M. Bartol, and I.K. Bartol. 2011a. A two-method approach for27

investigating the hearing capabilities of loggerhead sea turtles (Caretta caretta).28

Proceedings of 31st Annual Symposium on Sea Turtle Biology and Conservation,29

San Diego, CA.30

Lavender, A.L., S.M. Bartol, and I.K. Bartol. 2011b. Hearing capabilities of loggerhead31

sea turtles (Caretta caretta) throughout ontogeny, pp. 89-92. In: A. Popper and32

A. Hawkins (eds.), The Effects of Noise on Aquatic Life. Advances in33

Experimental Medicine and Biology 730, Springer. 695 pp.34

Leis, J.M., B.N. Carson-Ewart, A.C. Hay, and D.H. Cato. 2003. Coral-reef sounds35

enable nocturnal navigation by some reef-fish larvae in some places and at some36

times. Journal of Fish Biology 63724–737.37



Scientific Review

Low Energy Offshore Geophysical Permit H-81 July 2013
Program Update MND

Lemonds, D.W. 1999. Auditory filter shapes in an Atlantic bottlenose dolphin Tursiops1

truncatus. Unpublished Ph.D. dissertation, University of Hawaii, Honolulu, HI.2

Lenhardt, M.L. 1994. Seismic and very low frequency sound induced behaviors in3

captive loggerhead marine turtles (Caretta caretta). Presented at the 14th Annual4

Symposium on Sea Turtle Biology and Conservation, Hilton Head, SC.5

Lenhardt, M.L., S. Bellmund, R.A. Byles, S.W. Hawkins, and J.A. Musick. 1983. Marine6

turtle reception of bone-conducted sound. J. Aud. Res. 23(2):119-125.7

Lenhardt, M.L., R.C. Klinger, and J.A. Musick. 1985. Marine turtle middle-ear anatomy.8

J. Aud. Res. 25(1):66-72.9

Ljungblad, D.K., B. Würsig, S.L. Swartz, and J.M. Keene. 1988. Observations on the10

behavioral responses of bowhead whales (Balaena mysticetus) to active11

geophysical vessels in the Alaskan Beaufort Sea. Arctic 41:183-194. Available12

at:13

http://arctic.synergiesprairies.ca/arctic/index.php/arctic/article/download/1717/16914

6. Accessed 13 July 2012.15

Lombarte, A., H.Y. Yan, A.N. Popper, J.C. Chang, and C. Platt. 1993. Damage and16

regeneration of hair cell ciliary bundles in a fish ear following treatment with17

gentamicin. Hearing Research 66:166-174.18

Lovell, J.M., M.M. Findlay, R.M. Moate, J.R. Nedwell, and M.A. Pegg. 2005. The inner19

ear morphology and hearing abilities of the Paddlefish (Polyodon spathula) and20

the lake sturgeon (Acipenser fulvescens). Comp. Biochem. Physiol. A Mol.21

Integr. Physiol. 142:286-289.22

Lu, Z. and Z. Xu. 2009. Effects of saccular otolith removal on hearing sensitivity of the23

sleeper goby (Dormitator latifrons). Journal of Comparative Physiology24

188:595-602.25

Lucke, K., U. Siebert, P.A. Lepper, and M-A. Blachet. 2009. Temporary shift in masked26

hearing thresholds in a harbor porpoise (Phocoena phocoena) after exposure to27

seismic airgun stimuli. J. Acoust. Soc. Am. 125: 4060-4070. Available at:28

http://www.thecre.com/pdf/Lucke%20et%20al%20%202009.pdf. Accessed29

13 July 2012.30

Luther, D.A. and R.H. Wiley. 2009. Production and perception of communicatory signals31

in a noisy environment. Biology Letters 5:183-187. Available at:32

http://www.unc.edu/home/rhwiley/pdfs/LutherWiley2009.pdf. Accessed33

13 July 2012.34



Scientific Review

July 2013 H-82 Low Energy Offshore Geophysical Permit
Program Update MND

Malme, C.I., P.R. Miles, C.W. Clark, P. Tyack, and J.E. Bird. 1983. Investigations of the1

potential effects of underwater noise from petroleum industry activities on2

migrating gray whale behavior. Bolt Beranek and Newman Inc., Cambridge, MA:3

BBN Rep. 5366. Prepared for U.S. Dept. of the Interior, Minerals Management4

Service, Anchorage, AK. NTIS PB86-174174.5

Malme, C. I., P.R. Miles, C.W. Clark, P. Tyack, and J.E. Bird. 1984. Investigations of the6

potential effects of underwater noise from petroleum industry activities on7

migrating gray whale behavior. Phase II: January 1984 migration. Bolt Beranek8

and Newman Inc., Cambridge, MA: BBN Report No. 5586. Prepared for U.S.9

Dept. of the Interior, Minerals Management Service. Available at:10

http://www.gomr.boemre.gov/PI/PDFImages/ESPIS/1/1086.pdf. Accessed11

13 July 2012.12

Mann, D.A., Z. Lu, and A.N. Popper. 1997. A clupeid fish can detect ultrasound. Nature13

389:341.14

Mann, D.A., D.M. Higgs, W.N. Tavolga, M.J. Souza, and A.N. Popper. 2001. Ultrasound15

detection by clupeiform fishes. J. Acoust. Soc. Am. 109:3048-3054.16

Mann, D.A., A.N. Popper, and B. Wilson. 2005. Pacific herring hearing does not include17

ultrasound. Biology Letters 1:158-161.18

Marine Mammal Commission. 2007. Marine mammals and noise: A sound approach to19

research and management. Marine Mammal Commission, Washington, DC.20

370 pp. Available at: www.mmc.gov/sound/committee/pdf/soundFACAreport.pdf.21

Accessed 13 July 2012.22

Maybaum, H.L. 1990. Effects of a 3.3 kHz sonar system on humpback whales,23

Megaptera novaeangliae, in Hawaiian waters Eos 71(2):92.24

Maybaum, H.L. 1993. Responses of humpback whales to sonar sounds. J. Acoust. Soc.25

Am. 94(3, Pt. 2):1848-1849 (abstract).26

McCarthy, E. 2004. International Regulation of Underwater Sound: Establishing Rules27

and Standards to Address Ocean Noise Pollution. Kluwer Academic Publishers,28

Norwell, MA. 287 pp.29

McCarthy, E., D. Moretti, L. Thomas, N. DiMarzio, R. Morrissey, S. Jarvis, J. Ward,30

A. Izzi, and A. Dilley. 2011. Changes in spatial and temporal distribution and31

vocal behavior of Blainville’s beaked whales (Mesoplodon densirostris) during32

multiship exercises with mid-frequency sonar. Mar. Mamm. Sci.33

27(3):E206-E226.34



Scientific Review

Low Energy Offshore Geophysical Permit H-83 July 2013
Program Update MND

McCauley, R.D., M-N. Jenner, C. Jenner, K.A. McCabe, and J. Murdoch. 1998. The1

response of humpback whales (Megaptera novaeangliae) to offshore seismic2

survey noise: Preliminary results of observations about a working seismic vessel3

and experimental exposures. Australian Petroleum Production and Exploration4

Association Journal 38:692-707.5

McCauley, R.D., J. Fewtrell, A.J. Duncan, C. Jenner, M-N. Jenner, J.D. Penrose, R.I.T.6

Prince, A. Adhitya, J. Murdoch, and K. McCabe. 2000. Marine seismic surveys –7

a study of environmental implications. APPEA Journal 692-708. Internet website:8

http://www.anp.gov.br/meio/guias/sismica/biblio/McCauleye2000.PDF. Accessed9

13 July 2012.10

McCauley, R.D., J. Fewtrell, and A.N. Popper. 2003. High intensity anthropogenic11

sound damages fish ears. J. Acoust. Soc. Am. 113(1):638-642.12

McShane, L.J., J.A. Estes, M.L. Riedman, and M.M. Staedler. 1995. Repertoire,13

structure and individual variation of vocalizations in the sea otter. J. Mamm.14

76:414-427.15

Melcón, M.L., J.A. Cummins, S.M. Kerosky, L.K. Roche, S.M. Wiggins, and16

J.A. Hildebrand. 2012. Blue Whales Respond to Anthropogenic Noise. PLoS17

ONE, 7(2). doi:10.1371/journal.pone.0032681.18

Meyer, M., R.R. Fay, and A.N. Popper. 2010 Frequency tuning and intensity coding of19

sound in the auditory periphery of the lake sturgeon, Acipenser fulvescens.20

J. Exp. Biol. 213:1567-1578.21

Miksis, J.L., R.C. Connor, M.D. Grund, D.P. Nowacek, A.R. Solow, and P.L. Tyack.22

2001. Cardiac response to acoustic playback experiments in the captive23

bottlenose dolphin (Tursiops truncatus). Journal of Comparative Psychology24

115:227-232.25

Miller, G.W., J.D. Moulton, R.A. Davis, M. Holst, P. Millman, A. MacGillvray, and26

D. Hannay. 2005. Monitoring seismic effects on marine mammals – southeastern27

Beaufort Sea, 2001-2002, pp. 511-542. In: S.L. Armsworthy, P.J. Cranford, and28

K. Lee (eds.), Offshore oil and gas environmental effects monitoring/Approaches29

and technologies. Battelle Press, Columbus, OH.30

Miller, P.J.O., N. Biassoni, A. Samuels, and P.L. Tyack. 2000. Whale songs lengthen in31

response to sonar. Nature 405(6789):903.32

Miller, P.J.O., M.P. Johnson, P.T. Madsen, N. Biassoni, M. Quero, and P.L. Tyack.33

2009. Using at-sea experiments to study the effects of airguns on the foraging34

behavior of sperm whales in the Gulf of Mexico. Deep-Sea Research35

56:1168-1181. Available at:36

http://www.marinebioacoustics.com/files/2009/Miller_et_al_2009.pdf. Accessed37

13 July 2012.38



Scientific Review

July 2013 H-84 Low Energy Offshore Geophysical Permit
Program Update MND

Moein, S.M. 1994. Auditory evoked potentials of the loggerhead sea turtle (Caretta1

caretta). Master’s thesis, College of William and Mary, Williamsburg, Virginia.2

Internet website:3

http://el.erdc.usace.army.mil/tessp/pdfs/Auditory%20Evoked%20Potentials_Thes4

is.pdf. Accessed 13 July 2012.5

Moein, S.E., J.A. Musick, J.A. Keinath, D.E. Barnard, M.L. Lenhardt, and R. George.6

1995. Evaluation of seismic sources for repelling sea turtles from hopper7

dredges, pp. 90-93. In: L.Z. Hales (ed.), Sea Turtle Research Program: Summary8

Report. Technical Report CERC-95.9

Montie, E.W., C.A. Manire, and D.A. Mann. 2011. Live CT imaging of sound reception10

anatomy and hearing measurements in the pygmy killer whale, Feresa attenuata.11

The Journal of Experimental Biology 214:945-955.12

Mooney, T.A., P.E. Nachtigall, and S. Vlachos. 2009a. Sonar-induced temporary13

hearing loss in dolphins. Biology Letters 5:565-567.14

Mooney, T.A., P.E. Nachtigall, M. Breese, S. Vlachos, and W.W.L. Au. 2009b.15

Predicting temporary threshold shifts in a bottlenose dolphin (Tursiops truncatus):16

the effects of noise level and duration. J. Acoust. Soc. Amer. 125(3):1816-1826.17

Mooney, T.A., R.T. Hanlon, J. Christensen-Dalsgaard, P.T. Madsen, D.R. Ketten, and18

P.E. Nachtigall. 2010. Sound detection by the longfin squid (Loligo pealeii)19

studied with auditory evoked potentials: sensitivity to low-frequency particle20

motion and not pressure. Journal of Experimental Biology 213:3748-3759.21

Morton A.B. and H.K. Symonds. 2002. Displacement of Orcinus orca (L.) by high22

amplitude sound in British Columbia, Canada. ICES Journal of Marine Science23

59:71-80.24

Mrosovsky, N. 1972. Spectographs of the sounds of leatherback turtles. Herpetologica25

29(3):256-258.26

Mulsow, J. and C. Reichmuth. 2010. Psychophysical and electrophysiological aerial27

audiograms of a Steller sea lion (Eumetopias jubatus). J. Acoust. Soc. Am.28

127:2692-2701.29

Mulsow, J., C. Reichmuth, D. Houser, and J.J. Finneran. 2011. Auditory evoked30

potential measurement of hearing sensitivity in pinnipeds, pp. 73-76. In:31

A. Popper and A. Hawkins (eds.), The Effects of Noise on Aquatic Life. Advances32

in Experimental Medicine and Biology 730, Springer. 695 pp.33

Myrberg, A.A., Jr. 2001. The acoustical biology of elasmobranchs. Environmental34

Biology of Fishes 60:31-45.35

Myrberg, A.A., Jr. and J.Y. Spires. 1980. Hearing in damselfishes: an analysis of signal36

detection among closely related species. Journal of Comparative Physiology37

140:135-144.38



Scientific Review

Low Energy Offshore Geophysical Permit H-85 July 2013
Program Update MND

Myrberg, A.A., Jr., C.R. Gordon, and A.P. Klimley. 1976. Attraction of free ranging1

sharks by low frequency sound, with comments on its biological significance. In:2

Schuijf, A. and A.D. Hawkins, eds. Sound reception in fish. Amsterdam: Elsevier.3

Pp. 205-228.4

National Marine Fisheries Service (NMFS). 2012. Takes of Marine Mammals Incidental5

to Specified Activities; Taking Marine Mammals Incidental to Marine Seismic6

Survey in the Beaufort Sea, Alaska. FR 77(84):25830-25857.7

National Oceanic and Atmospheric Administration (NOAA). 2012. Cetacean & Sound8

Mapping. Accessed at: cetsound.noaa.gov. Accessed: 3 July 2012.9

National Research Council (NRC). 2003. Ocean noise and marine mammals. The10

National Academies Press, Washington, DC.11

National Research Council (NRC). 2005. Marine mammal populations and ocean noise:12

Determining when noise causes biologically significant events. The National13

Academies Press, Washington, DC.14

National Science Foundation (NSF). 2010. Final Programmatic EIS/OEIS Marine15

Seismic Research Funded by the National Science Foundation or Conducted by16

the United States Geological Survey. October.17

National Science Foundation (NSF). 2011. Environmental Assessment of a Marine18

Geophysical Survey by the R/V Marcus G. Langseth in the Commonwealth of the19

Northern Mariana Islands, February-March 2012. 16 September 2011. LGL20

Report TA4858-1. 200 pp.21

Nedwell, J.R., B. Edwards, A.W.H. Turnpenny, and J. Gordon. 2004. Fish and marine22

mammal audiograms: A summary of available information. Prepared by23

Subacoustech Ltd., Hamphire, UK. Report 534 R 0214.24

Nelson, J.S. 2006. Fishes of the world. 4th Edition. Hoboken, NJ: John Wiley & Sons.25

Normandeau Associates, Inc. 2012. Effects of Noise on Fish, Fisheries, and26

Invertebrates in the U.S. Atlantic and Arctic from Energy Industry27

Sound-Generating Activities. A Literature Synthesis for the U.S. Dept. of the28

Interior, Bureau of Ocean Energy Management. Contract # M11PC00031.29

153 pp.30

Nowacek, S.M., R.S. Wells, and A.R. Solow. 2001. Short-term effects of boat traffic on31

bottlenose dolphins, Tursiops truncatus, in Sarasota Bay, Florida. Mar. Mamm.32

Sci. 17(4):673-688.33

Nowacek, D.P., L.H. Thorne, D.W. Johnston, and P.L. Tyack. 2007. Responses of34

cetaceans to anthropogenic noise. Mammal Review 37(2):81–115.35



Scientific Review

July 2013 H-86 Low Energy Offshore Geophysical Permit
Program Update MND

Nunny, R., E. Graham, and S. Bass. 2008. Do sea turtles use acoustic cues when1

nesting? NOAA Tech. Mem. NMFS SEFSC No. 582:83. Internet website:2

http://www.nmfs.noaa.gov/pr/pdfs/species/turtlesymposium2005.pdf. Accessed3

13 July 2012.4

O’Hara, J. and J.R. Wilcox. 1990. Avoidance responses of loggerhead turtles, Caretta5

caretta, to low frequency sound. Copeia 2:564-567.6

Parks, S.E,, C.W. Clark, and P.L. Tyack. 2007. Short- and long-term changes in right7

whale calling behavior: the potential effects of noise on acoustic communication.8

J. Acoust. Soc. Am. 122(6):3725-3731.9

Parris, K.M., M. Velik-Lord, and J.M.A. North. 2009. Frogs call at a higher pitch in traffic10

noise. Ecology and Society 14(1):25.11

Payne, R. and D. Webb. 1971. Orientation by means of long range acoustic signaling in12

baleen whales. Annals of the New York Academy of Sciences 188:110-141.13

Pickering, A.D. 1981. Stress and fishes. New York: Academic Press.14

Piniak, W.E., D.A. Mann, S.A. Eckert, and C.A. Harms. 2011. Amphibious hearing in15

sea turtles. Adv. Exp. Med. Biol. 730:83-87.16

Popper, A.N. 1980. Scanning electron microscopic studies of the sacculus and lagena17

in several deep-sea fishes. Am. J. Anat. 157:115-136.18

Popper, A.N. 2003. Effects of anthropogenic sounds on fishes. Fisheries 28(10):24-31.19

Popper, A.N. 2012. Fish Hearing and Sensitivity to Acoustic Impacts. Appendix J.20

Atlantic OCS Proposed Geological and Geophysical Activities, Mid-Atlantic and21

South Atlantic Planning Areas, Draft Programmatic Environmental Impact22

Statement. OCS EIS/EA BOEM 2012-005. March 2012. 2 vols.23

Popper, A.N. and S. Løkkeborg. 2008. Effects of anthropogenic sound on fish.24

Bioacoustics 17:214-217.25

Popper, A.N. and C.R. Schilt. 2008. Hearing and acoustic behavior (basic and applied).26

In: Webb, J.F., R.R. Fay, and A.N. Popper, eds. Fish bioacoustics. New York:27

Springer Science + Business Media, LLC.28

Popper, A.N. and M.C. Hastings. 2009a. The effects on human-generated sound on29

fish. Integrative Zool. 4:43-52.30

Popper, A.N. and M.C. Hastings. 2009b. Effects of anthropogenic sources of sound on31

fishes. J. Fish Biol. 75:455-489.32

Popper, A.N. and R.R. Fay. 2011. Rethinking sound detection by fishes. Hear. Res.33

273(1-2):25-36.34

Popper, A. and A. Hawkins (eds.). 2011. The Effects of Noise on Aquatic Life. Advances35

in Experimental Medicine and Biology 730, Springer. 695 pp.36



Scientific Review

Low Energy Offshore Geophysical Permit H-87 July 2013
Program Update MND

Popper, A.N., M. Salmon, and K.W. Horch. 2001. Acoustic detection and1

communication by decapod crustaceans. Journal of Comparative Physiology2

A 187:83-89.3

Popper, A.N., R.R. Fay, C. Platt, and O. Sand. 2003. Sound detection mechanisms and4

capabilities of teleost fishes. In: Collin, S.P. and N.J. Marshall, eds. Sensory5

Processing in Aquatic Environments. New York: Springer-Verlag. Pp. 3-38.6

Popper, A.N., M.E. Smith, P.A. Cott, B.W. Hanna, A.O. MacGillivray, M.E. Austin, and7

D.A. Mann. 2005. Effects of exposure to seismic airgun use on hearing of three8

fish species. J. Acoust. Soc. Am. 117:3958-3971.9

Popper, A.N., T.J. Carlson, A.D. Hawkins, B.L. Southall, and R.L. Gentry. 2006. Interim10

criteria for injury of fish exposed to pile driving operations: A white paper.11

Available at: http://www.wsdot.wa.gov/NR/rdonlyres/84A6313A-9297-42C9-12

BFA6-750A691E1DB3/0/BA_PileDrivingInterimCriteria.pdf. Accessed13

13 July 2012.14

Popper, A.N., M.B. Halvorsen, E. Kane, D.D. Miller, M.E. Smith, P. Stein, and15

L.E. Wysocki. 2007. The effects of high-intensity, low-frequency active sonar on16

rainbow trout. J. Acoust. Soc. Am., 122:623-635.17

Ramcharitar, J.U., X. Deng, D. Ketten, and A.N. Popper. 2004. Form and function in the18

unique inner ear of a teleost fish: The silver perch (Bairdiella chrysoura).19

J. Comp. Neurol. 475:531-539.20

Ramcharitar, J., D. Gannon, and A. Popper. 2006. Bioacoustics of fishes of the family21

Sciaenidae (croakers and drums). Transactions of the American Fisheries22

Society 135:1409-1431.23

Reichmuth, C. 2007. Assessing the hearing capabilities of mysticete whales.24

A proposed research strategy for the Joint Industry Programme on Sound and25

Marine Life on 12 September. Available at:26

http://www.soundandmarinelife.org/Site/Products/MysticeteHearingWhitePaper-27

Reichmuth.pdf. Accessed 13 July 2012.28

Reichmuth, C. 2011. Psychophysical studies of auditory masking in marine mammals:29

Key concepts and new directions, pp. 23-27. In: A. Popper and A. Hawkins30

(eds.), The Effects of Noise on Aquatic Life. Advances in Experimental Medicine31

and Biology 730, Springer. 695 pp.32

Remage-Healey, L., D.P. Nowacek, and A.H. Bass. 2006. Dolphin foraging sounds33

suppress calling and elevate stress hormone levels in a prey species, the Gulf34

toadfish. Journal of Experimental Biology 209:4444-4451.35

Richardson, W.J., B. Würsig, and C.R. Greene, Jr. 1986. Reactions of bowhead whales,36

Balaena mysticetus, to seismic exploration in the Canadian Beaufort Sea.37

J. Acoust. Soc. Am. 79:1,117-1,128.38



Scientific Review

July 2013 H-88 Low Energy Offshore Geophysical Permit
Program Update MND

Richardson, W.J., B. Würsig, and C.R. Greene, Jr. 1990. Reactions of bowhead whales,1

Balaena mysticetus, to drilling and dredging noise in the Canadian Beaufort Sea.2

Marine Environmental Research 29:135-160.3

Richardson, W.J., C.R. Greene Jr., C.I. Malme, and D.H. Thomson. 1995a. Marine4

mammals and noise. New York: Academic Press.5

Richardson, W.J., C.R. Greene, Jr., J.S. Hanna, W.R. Koski, G.W. Miller, N.J.6

Patenaude, and M.A. Smultea. 1995b. Acoustic effects of oil production activities7

on bowhead and white whales visible during spring migration near Pt. Barrow,8

Alaska-1991 and 1994 phases: Sound propagation and whale responses to9

playbacks of icebreaker noise. OCS Study MMS 95-0051.10

Richardson, W.J., G.W. Miller, and C.R. Greene, Jr. 1999. Displacement of migrating11

bowhead whales by sounds from seismic surveys in shallow waters of the12

Beaufort Sea. J. Acoust. Soc. Am. 106(4):2281.13

Ridgway, S. and D.A. Carder. 2001. Assessing hearing and sound production in14

cetacean species not available for behavioral audiograms: experiences with15

sperm, pygmy sperm, and gray whales. Aquatic Mammals 27:267-276. Available16

at:17

http://www.aquaticmammalsjournal.org/share/AquaticMammalsIssueArchives/2018

01/AquaticMammals_27-03/27-03_Ridgway.pdf. Accessed 13 July 2012.19

Ridgway, S.H., E.G. Wever, J.G. McCormick, J. Palin, and J.H. Anderson. 1969.20

Hearing in the giant sea turtle, Chelonia mydas. Proc. Nat. Acad. Sci.21

64:884-890. Internet website:22

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC223317/pdf/pnas00113-0080.pdf.23

Accessed 13 July 2012.24

Romano, T.A., M.J. Keogh, C. Kelly, P. Feng, L. Berk, L., C.E. Schlundt, D.A. Carder,25

and J.J. Finneran. 2004. Anthropogenic sound and marine mammal health:26

Measures of the nervous and immune systems before and after intense sound27

exposure. Canadian Journal of Fisheries and Aquatic Sciences 61:1124-1134.28

Samuel, Y., S.J. Morreale, C.H. Greene, and M.E. Richmond. 2005. Underwater,29

low-frequency noise in coastal sea turtle habitat. J. Acoust. Soc. Am.30

117(3):1465-1472.31

Sand, O. and H.E. Karlsen. 1986. Detection of infrasound by the Atlantic cod. J. Exp.32

Biol. 125:197-204.33

Saunders, J.C., S.P. Dear, and M.E. Schneider. 1985. The anatomical consequences of34

acoustic injury: A review and tutorial. J. Acoust. Soc. Am. 78:833-860.35



Scientific Review

Low Energy Offshore Geophysical Permit H-89 July 2013
Program Update MND

Schlundt, C.E., J.J. Finneran, D.A. Carder, and S.H. Ridgway. 2000. Temporary shift in1

masked hearing thresholds of bottlenose dolphins, Tursiops truncatus, and white2

whales, Delphinapterus leucas, after exposure to intense tones. J. Acoust. Soc.3

Am. 107(6):3496-3508.4

Scholik, A.R. and H.Y. Yan. 2001. Effects of underwater noise on auditory sensitivity of5

a cyprinid fish. Hearing Research 152:17-24.6

Scholik. A.R. and H.Y. Yan. 2002. Effects of boat engine noise on the auditory7

sensitivity of the fathead minnow, Pimephales promelas. Environmental Biology8

of Fishes 63:203-209.9

Schusterman, R.J. 1981. Behavioral capabilities of seals and sea lions: A review of their10

hearing, visual, learning, and diving skills. Psychological Record 31:125-143.11

Schusterman, R.J., D. Kastak, D.H. Levenson, C.J. Reichmuth, and B.L. Southall. 2000.12

Why pinnipeds don’t echolocate. J. Acoust. Soc. Am. 107:2256-2264.13

Slabbekoorn, H., N. Bouton, I. van Opzeeland, A. Coers, C. ten Cate, and A.N. Popper.14

2010. A noisy spring: the impact of globally rising underwater sound levels on15

fish. Trends in Ecology & Evolution 25:419-427.16

Slotte, A., K. Kansen, J. Dalen, and E. Ona. 2004. Acoustic mapping of pelagic fish17

distribution and abundance in relation to a seismic shooting area off the18

Norwegian west coast. Fisheries Research 67143-150.19

Smith, M.E., A.S. Kane, and A.N. Popper. 2004a. Noise-induced stress response and20

hearing loss in goldfish (Carassius auratus). Journal of Experimental Biology21

207:427-435.22

Smith, M.E., A.S. Kane, and A.N. Popper. 2004b. Acoustical stress and hearing23

sensitivity in fishes: does the linear threshold shift hypothesis hold water? Journal24

of Experimental Biology 207:3591-3602.25

Smith, M.E., A.B. Coffin, D.L. Miller, and A.N. Popper. 2006. Anatomical and functional26

recovery of the goldfish (Carassius auratus) ear following noise exposure.27

Journal of Experimental Biology 209:4193-4202.28

Smultea, M.A. and M. Holst. 2008. Marine mammal monitoring during a University of29

Texas Institute for Geophysics seismic survey in the Northeast Pacific Ocean,30

July 2008. LGL Report TA4584-2. Prepared by LGL Ltd., King City, ON, for31

Lamont-Doherty Earth Observatory of Columbia University, Palisades, NY, and32

NMFS, Silver Spring, MD.33

Smultea, M.A., M. Holst, W.R. Koski, and S. Stoltz. 2004. Marine mammal monitoring34

during Lamont-Doherty Earth Observatory's seismic program in the Southeast35

Caribbean Sea and adjacent Atlantic Ocean, April-June 2004. LGL Report36

TA2822-26. Prepared by LGL Ltd., King City, Ont., for L-DEO, Columbia37

University, Palisades, NY.38



Scientific Review

July 2013 H-90 Low Energy Offshore Geophysical Permit
Program Update MND

Song, J., A. Mathieu, R.F. Soper, and A.N. Popper. 2006. Structure of the inner ear of1

bluefin tuna Thunnus thynnus. Journal of Fish Biology 68:1767-1781.2

Southall, B.L. 2012. Marine Mammal Hearing and Sensitivity to Acoustic Impacts.3

Appendix H. Atlantic OCS Proposed Geological and Geophysical Activities,4

Mid-Atlantic and South Atlantic Planning Areas, Draft Programmatic5

Environmental Impact Statement. OCS EIS/EA BOEM 2012-005. March 2012.6

2 vols.7

Southall, B.L., R.J. Schusterman, and D. Kastak. 2000. Masking in three pinnipeds:8

underwater, low frequency critical ratios. J. Acoust. Soc. Am. 108:1322-1326.9

Southall, B.L., R.J. Schusterman, and D. Kastak. 2003. Auditory masking in three10

pinnipeds: aerial critical ratios and direct critical bandwidth measurements.11

J. Acoust. Soc. Am. 114:1660-1666.12

Southall, B.L., R.J. Schusterman, D. Kastak, and C.R. Kastak. 2005. Reliability of13

underwater hearing thresholds in pinnipeds. Acoustic Research Letters14

Online 6(4):243-249.15

Southall, B.L., A.E. Bowles, W.T. Ellison, J.J. Finneran, R.L. Gentry, C.R. Greene, Jr.,16

D. Kastak, D.R. Ketten, J.H. Miller, P.E. Nachtigall, W.J. Richardson,17

J.A. Thomas, and P.L. Tyack. 2007. Marine mammal noise exposure criteria:18

Initial scientific recommendations. Aquatic Mammals 33:411-521.19

Southall, B.L., J. Calambokidis, P. Tyack, D. Moretti, J. Hildebrand, C. Kyburg,20

R. Carlson, A. Friedlaender, E. Falcone, G. Schorr, A. Douglas, S. DeRuiter,21

J. Goldbogen, and J. Barlow. 2011. Project report: Biological and Behavioral22

Response Studies of Marine Mammals in Southern California, 2010 (SOCAL-10).23

Stadler, J.H. and D.P. Woodbury. 2009. Assessing the effects to fishes from pile driving:24

Application of new hydroacoustic criteria. Inter-Noise 2009.25

Sverdrup, A., E. Kjellsby, P.G. Krueger, R. Floys, F.R. Knudsen, P.S. Enger,26

G. Serck-Hanssen, and, K.B. Helle. 1994. Effects of experimental seismic shock27

on vasoactivity of arteries, integrity of the vascular endothelium and on primary28

stress hormones of the Atlantic salmon. Journal of Fish Biology 45:973-995.29

Tavolga, W.N. and J. Wodinsky. 1963. Auditory capacities in fishes: Pure tone30

thresholds in nine species of marine teleosts. Bulletin of the American Museum31

of Natural History 126:177-240.32

Thomas, J.A., R.A. Kastelein, and F.T. Awbrey. 1990. Behavior and blood33

catecholamines of captive belugas during playbacks of noise from an oil drilling34

platform. Zoo Biology 9:393-402.35



Scientific Review

Low Energy Offshore Geophysical Permit H-91 July 2013
Program Update MND

Todd, S., P. Stevick, J. Lien, F. Marques, and D. Ketten. 1996. Behavioral effects of1

exposure to underwater explosions in humpback whales (Megaptera2

novaeangliae). Canadian Journal of Zoology 74:1661-1672. Available at:3

http://csi.whoi.edu/sites/default/files/literature/Full%20Text_30.pdf. Accessed4

13 July 2012.5

Turnbull, S.D. 1994. Changes in masked thresholds of a harbor seal (Phoca vitulina)6

associated with angular separation of signal and noise sources. Can. J. Zool.7

72:1863-1866.8

Tyack, P.L. 1998. Acoustic communication under the sea, pp. 163-220. In: S.L. Hopp,9

M.J. Owren, and C.S. Evans (eds.), Animal Acoustic Communication.10

Springer-Verlag, Berlin.11

Tyack, P.L., W.M.X. Zimmer, D. Moretti, B.L. Southall, D.E. Claridge, J.W. Durban,12

C.W. Clark, A. D’Amico, N. DiMarzio, S. Jarvis, E. McCarthy, R. Morrissey,13

J. Ward, and I.L. Boyd. 2011. Beaked whales respond to simulated and actual14

navy sonar. PLoS ONE 6(3):e17009. Available at:15

http://www.plosone.org/article/info:doi/10.1371/journal.pone.0017009. Accessed16

13 July 2012.17

U.S. Navy. 2012. Draft Environmental Impact Statement/Overseas Environmental18

Impact Statement For Atlantic Fleet Training and Testing. Prepared by: United19

States Department of the Navy, Naval Facilities Engineering Command Atlantic,20

Norfolk, VA. 4 volumes.21

van der Woude, S. 2007. Assessing effects of an acoustic marine geophysical survey22

on the behaviour of bottlenose dolphins, Tursiops truncatus. Abstracts of the 17th23

Biennial Conference on the Biology of Marine Mammals, 29 Nov.-3 Dec., Cape24

Town, South Africa.25

Vasconcelos, R.O. and F. Ladich. 2008. Development of vocalization, auditory26

sensitivitiy and acoustic communication in the Lusitanian toadfish Halobatrachus27

didactyllus. Journal of Experimental Biology 211:502-509.28

Warchol, M.E. 2011. Sensory regeneration in the vertebrate inner ear: Differences at29

the levels of cells and species. Hearing Research 273:72-79.30

Ward, W.D. 1997. Effects of high-intensity sound, pp. 1497-1507. In: M.J. Crocker (ed.),31

Encyclopedia of Acoustics Vol. III. New York: John Wiley & Sons, Inc.32

Wartzok, D. and D.R. Ketten. 1999. Marine mammal sensory systems, pp. 117-175.33

In: J.E. Reynolds, II and S.A. Rommel (eds.), Biology of marine mammals.34

Smithsonian Institute Press: Washington D.C.35



Scientific Review

July 2013 H-92 Low Energy Offshore Geophysical Permit
Program Update MND

Wartzok, D., A.N. Popper, J. Gordon, and J. Merrill. 2004. Factors affecting the1

responses of marine mammals to acoustic disturbance. Marine Technology2

Society Journal 37:6-15. Available at:3

http://www.ingentaconnect.com/content/mts/mtsj/2003/00000037/00000004/art004

002. Accessed 13 July 2012.5

Watkins, W.A. 1977. Acoustic behavior of sperm whales. Oceanus 20(2):50-58.6

Watkins, W.A. 1986. Whale reactions to human activities in Cape Cod waters. Marine7

Mammal Science 2:251-262.8

Watkins, W.A. and W.E. Schevill. 1975. Sperm whales (Physeter catodon) react to9

pingers. Deep-Sea Research 22(3):123-129.10

Watkins, W.A. and D. Wartzok. 1985. Sensory biophysics of marine mammals. Mar.11

Mamm. Sci. 1:219-260.12

Webb, J.F., R.R. Fay, and A.N. Popper (eds.). 2008. Fish bioacoustics. New York:13

Springer Science + Business Media, LLC.14

Weir, C.R. 2007. Observations of marine turtles in relation to seismic airgun sound off15

Angola. Marine Turtle Newsletter 116:17-20. Internet website:16

http://www.seaturtle.org/mtn/archives/mtn116/mtn116p17.shtml. Accessed17

13 July 2012.18

Wever, E.G. 1978. The Reptile Ear: Its Structure and Function. Princeton University19

Press, Princeton.20

Wever, E.G. and J.A. Vernon. 1956. The sensitivity of the turtle’s ear as shown by its21

electrical potentials. Proc. Nat. Acad. Sci. 42:213-220. Internet website:22

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC528254/pdf/pnas00707-0043.pdf.23

Accessed 13 July 2012.24

Wirsing, A.J., M.R. Heithaus, A. Frid, and L.M. Dill. 2008. Seascapes of fear: evaluating25

sublethal predator effects experienced and generated by marine mammals.26

Mar. Mamm. Sci. 24:1-15.27

Woodbury, D. and J. Stadler. 2008. A proposed method to assess physical injury to28

fishes from underwater sound produced during pile driving. Bioacoustics29

17(1-3):289-291.30

Worcester, T. 2006. Effects of Seismic Energy on Fish: A Literature Review. DFO Can.31

Sci. Advis. Sec. Res. Doc. 2006/092: 66p.32

Wright, K.J., D.M. Higgs, J. Belanger, and J.M. Leis. 2005. Auditory and olfactory33

abilities of pre-settlement larvae and post-settlement juveniles of a coral reef34

damselfish (Pisces: Pomacentridae). Marine Biology 147:1425-1434.35



Scientific Review

Low Energy Offshore Geophysical Permit H-93 July 2013
Program Update MND

Wright, A.J., N.A. Soto, A.L. Baldwin, M. Bateson, C.M. Beale, C. Clark, T. Deak,1

E.F. Edwards, A. Fernández, A. Godinho, L.T. Hatch, A. Kakuschke, D. Lusseau,2

D. Martineau, L.M. Romero, L.S. Weilgart, B.A Wintle, G. Notarbartolo-di-Sciara,3

and V. Martin. 2007a. Anthropogenic noise as a stressor in animals:4

A multidisciplinary perspective. International Journal of Comparative Psychology5

20:250-273. Available at: http://www.comparativepsychology.org/ijcp-vol20-2-3-6

2007/14.Wright_etal_A_PDF.pdf. Accessed 13 July 2012.7

Wright, A.J., N.A. Soto, A.L. Baldwin, M. Bateson, C.M. Beale, C. Clark, T. Deak,8

E.F. Edwards, A. Fernández, A. Godinho, L.T. Hatch, A. Kakuschke, D. Lusseau,9

D. Martineau, L.M. Romero, L.S. Weilgart, B.A Wintle, G. Notarbartolo-di-Sciara,10

and V. Martin. 2007b. Do marine mammals experience stress related to11

anthropogenic noise? International Journal of Comparative Psychology12

20:274-316. Available at: http://www.comparativepsychology.org/ijcp-vol20-2-3-13

2007/15.Wright_etal_B_PDF.pdf. Accessed 13 July 2012.14

Wright, K.J., D.M. Higgs, and J.M. Leis. 2011. Ontogenic and interspecific variation in15

hearing ability in marine fish larvae. Mar. Ecol. Prog. Ser. 424:1-13.16

Wysocki L.E. and F. Ladich. 2005. Hearing in fishes under noise conditions. Journal of17

the Association for Research in Otolaryngology 6:28-36.18

Wysocki, L.E., F. Ladich, and J. Dittami. 2006. Ship noise and cortisol secretion in19

European freshwater fishes. Biological Conservation 128:501-508.20

Wysocki, L.E., J.W. Davidson, III, M.E. Smith, A.S. Frankel, W.T. Ellison,21

P.M. Mazik, A.N. Popper, and J. Bebak. 2007. Effects of aquaculture production22

noise on hearing, growth, and disease resistance of rainbow trout Oncorhynchus23

mykiss. Aquaculture 272:687-697.24

Yelverton, J.T., D.R. Richmond, E.R. Fletcher, and R.K. Jones. 1973. Safe distances25

from underwater explosions for mammals and birds. AD-766 952. Prepared for26

Defense Nuclear Agency, Washington, DC. Available at: http://www.dtic.mil/cgi-27

bin/GetTRDoc?AD=AD766952&Location=U2&doc=GetTRDoc.pdf. Accessed28

13 July 2012.29

Yost, W.A. 2000. Fundamentals of Hearing: An Introduction. New York: Academic30

Press.31

Young, G.A. 1991. Concise methods for predicting the effects of underwater explosions32

on marine life. AD-A241-310. Naval Surface Warfare Center, Silver Spring, MD.33

Available at: http://www.dtic.mil/cgi-34

bin/GetTRDoc?AD=ADA241310&Location=U2&doc=GetTRDoc.pdf. Accessed35

13 July 2012.36

Yudhana, A., Sunardi, J. Din, S. Abdullah, and R.B.R. Hassan. 2010a. Turtle hearing37

capability based on ABR signal assessment. Indonesian Journal of Electrical38

Engineering 8(2):187-194.39



Scientific Review

July 2013 H-94 Low Energy Offshore Geophysical Permit
Program Update MND

Yudhana, A., J. Din, Sunardi, S. Abdullah, and R.B.R. Hassan. 2010b. Green turtle1

hearing identification based on frequency spectral analysis. Applied Physics2

Research 2(1):125-134.3

Zeddies, D.G., R.R. Fay, and J.A. Sisneros. 2011. Sound Source Localization and4

Directional Hearing in Fishes, pp. 298-303. In A.P. Farrell (ed.), Encyclopedia of5

Fish Physiology: From Genome to Environment, Volume 1. Academic Press, San6

Diego.7

Zeddies, D.G., R.R. Fay, M.D. Gray, P.W. Alderks, A. Acob, and J.A. Sisneros. 2012.8

Local acoustic particle motion guides sound-source localization behavior in the9

plainfin midshipman fish, Porichthys notatus. J. Exp. Biol. 215:152-160. doi:10

10.1242/jeb.064998.11

Zelick, R., D. Mann, and A.N. Popper. 1999. Acoustic communication in fishes and12

frogs. In: Fay, R.R. and A.N. Popper, eds. Comparative hearing: Fish and13

amphibians. New York: Springer-Verlag. Pp. 363-411.14

Zimmer, W.M.X. and P.L. Tyack. 2007. Repetitive shallow dives pose decompression15

risk in deep-diving beaked whales. Mar. Mamm. Sci. 23:888-925.16


